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Damla Cinoğlu 1,*, Howard E. Epstein 2 , Alan J. Tepley 3, Kristina J. Anderson-Teixeira 3,4,
Jonathan R. Thompson 5 and Steven S. Perakis 6

����������
�������
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Abstract: Climate change is leading to increased drought intensity and fire frequency, creating early-
successional landscapes with novel disturbance–recovery dynamics. In the Klamath Mountains of
northwestern California and southwestern Oregon, early-successional interactions between nitrogen
(N)-fixing shrubs (Ceanothus spp.) and long-lived conifers (Douglas-fir) are especially important
determinants of forest development. We sampled post-fire vegetation and soil biogeochemistry
in 57 plots along gradients of time since fire (7–28 years) and climatic water deficit (aridity). We
found that Ceanothus biomass increased, and Douglas-fir biomass decreased with increasing aridity.
High aridity and Ceanothus biomass interacted with lower soil C:N more than either factor alone.
Ceanothus biomass was initially high after fire and declined with time, suggesting a large initial
pulse of N-fixation that could enhance N availability for establishing Douglas-fir. We conclude that
future increases in aridity and wildfire frequency will likely limit post-fire Douglas-fir establishment,
though Ceanothus may ameliorate some of these impacts through benefits to microclimate and soils.
Results from this study contribute to our understanding of the effects of climate change and wildfires
on interspecific interactions and forest dynamics. Management seeking to accelerate forest recovery
after high-severity fire should emphasize early-successional conifer establishment while maintaining
N-fixing shrubs to enhance soil fertility.

Keywords: Douglas-fir; Ceanothus; wildfire; nitrogen fixation; Klamath Mountains; early succession

1. Introduction

Disturbance–recovery dynamics shape the structure and function of forests and are
highly sensitive to climate change [1,2]. Harsh abiotic post-disturbance conditions can
drastically slow rates of community-level succession and delay recovery [3]. Climate
change impacts early-successional dynamics through altered disturbance regimes and a
potentially harsher post-disturbance abiotic environment [4]. Combined with exacerbated
drought conditions, increased frequency and severity of wildfires can suppress tree regen-
eration both from slower tree recruitment and growth rates, and enhanced competition
due to post-disturbance shrub sprouting [2,5,6]. Empirical evidence shows that climate
change strongly influences post-fire recovery dynamics on multiple scales [7]. At broader
scales, altered fire regimes due to climate change can influence landscape-level post-fire
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recovery trajectories [8]. At fine scales, plant functional types (e.g., shrubs, conifers) might
be differentially impacted by climate change, leading to novel assemblage patterns [1].
To further our understanding of climatic effects on disturbance–recovery dynamics, it is
important to focus on the current community-level interactions of shrubs and conifers
during the early-successional period after wildfire disturbances.

The Klamath region of northwestern California and southwestern Oregon is among
the most diverse forest regions of North America, and has undergone substantial shifts
in vegetation community composition and structure since the early Holocene [9,10]. It is
estimated that with warmer climates, increased drought, and more frequent and severe
fires, by the end of the century, almost one-third of the Klamath forest setting will be at
risk of minimal conifer establishment after fire, potentially enabling transitions from a
conifer forest to a shrub-dominated chaparral ecosystem [11]. Substantial conversion is
likely to occur over the coming decades even without additional climate change [11,12].
Shrub-dominated ecosystems that establish soon after high-severity fires may be prone to
re-burning, at least within the first couple of decades following fire [13]. Repeat burning
could lead to a feedback that sustains shrub cover, which could ultimately limit tree
establishment and growth [14–16]. Increased drought can further limit post-fire conifer
regeneration as conifer seedling growth rates are reduced in drier conditions [17].

Ceanothus (L.) is a shrub genus that is typically among the most abundant, if not the
dominant genus, following high-severity fires in the Klamath region. Its dormant seed
banks can persist in the soil for decades [18], enhancing its competitive advantage after
severe fires remove overstory shade [19]. The high abundance and rapid growth rate of
Ceanothus, along with several re-sprouting broadleaf tree and shrub species (e.g., Lithocarpus
densiflorus, (Hook. & Arn.) Rehder; Quercus chrysolepis, Liebm.) may limit the window
of regeneration for coniferous trees such as Douglas-fir (Pseudotsuga menziesii, (Mirb.)
Franco), whose post-fire establishment depends on wind-blown seeds from surviving
trees [11,14]. Conifer growth rates typically increase when they overtop nearby shrubs [20].
This indicates the competitive disadvantage of relatively shade-intolerant tree species
(e.g., Douglas-fir) under the initial rapid growth of Ceanothus [11,14]. Furthermore, the
over-crowding effect of Ceanothus might slow the growth of Douglas-fir seedlings due to
space limitations [21]. Early-successional interactions between Ceanothus and Douglas-fir
are crucial for determining the future vegetation constituents of the Klamath forests, along
with energy exchange, water balance, and biogeochemical cycling.

High-severity wildfires can reduce soil carbon (C) and nitrogen (N) stocks in the
Klamath region up to 50 and 25%, respectively [22]. Given that Douglas-fir growth in the
Klamath region is often N limited, wildfire-induced losses of soil fertility could intensify N
limitation of forest growth [23]. Whether this occurs, however, depends strongly on poten-
tial C and N resupply by early-successional shrubs, especially by symbiotic N-fixing Cean-
othus species [24]. Ceanothus species vary widely in reported rates of N-fixation [23,25–30].
N-fixation by Ceanothus integerrimus in the Klamath region depends on interspecific com-
petition and aridity, which interact to affect N availability for the growth of regenerating
Douglas-fir [30]. Shrubs might also help to ameliorate warm, dry microclimatic conditions
or foster conifer growth through the enhanced production of soil organic matter [28,29]
and mycorrhizal connections that facilitate the acquisition of soil nutrients [31]. In some
cases, however, Ceanothus may not directly enrich soil N or enhance the foliar N levels
of regenerating conifers [25], especially where adequate soil N causes downregulation of
N-fixation [32]. In these cases, shrub–conifer interactions may be more strongly driven by
competition for light [20,33] or soil moisture [14,20,21,34]. Shrubs are expected to compete
strongly for soil moisture, especially under climate change-induced drought conditions,
which might reduce the establishment and growth rates of regenerating Douglas-fir.

The net outcome of competition for space, light, and soil moisture, and facilitation will
determine the nature of the interaction between Ceanothus and Douglas-fir. If Ceanothus
has an overall facilitative effect on Douglas-fir through reducing heat stress and increasing
soil N availability from biological N-fixation, we would expect Ceanothus to buffer some of
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the negative effects of aridity on Douglas-fir. In contrast, if the nature of the interaction
between Ceanothus and Douglas-fir is mainly negative due to interspecific competition
for light and soil moisture, then the presumed effects of aridity slowing conifer forest
recovery after severe fire would be exacerbated. Finally, the balance between competitive
and facilitative interactions may slowly change through time as N-rich shrubs reach peak
biomass and increasingly recycle N to soil, coincident with increasing conifer growth and
N-demands from seedling to sapling stages [35].

Here, we aim to add to our knowledge regarding early-successional patterns of
interspecific interactions between Ceanothus and Douglas-fir along gradients of time since
fire and soil moisture availability (climatic water deficit). We specifically address the
following questions in the context of the hypothesized relationships illustrated in Figure 1:
(1) How do Ceanothus and Douglas-fir live aboveground biomass (referred to as biomass
from hereon) vary along gradients of time since fire and climatic water deficit? (2) How do
soil resources (soil C, N, and C:N) vary along gradients of time since fire and climatic water
deficit? (3) Does the abundance of Ceanothus increase soil N levels, and is this influenced
by climatic water deficit? (4) Does competition from Ceanothus affect early-successional
Douglas-fir biomass?
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Figure 1. Schematic diagram of relationships between Ceanothus spp. and Douglas-fir. Line color
specifies positive (blue) and negative (red) relationships. Double headed arrows show reciprocal rela-
tionships.

2. Materials and Methods
2.1. Study Sites and Data

The Klamath region of northwestern California and southwestern Oregon has steep
topographic and meso-climatic gradients, with a mean annual precipitation range of
1100 to 2000 mm yr−1 [34] and a mean annual temperature of 10.2 ◦C [36] (Available online:
https://www.worldclim.org/ (Accessed on: 16 January 2021)). Due to a Mediterranean
climate, most precipitation falls between October and May. Diverse patterns of climate,
topography, and parent material lead to complex vegetation patterns in the Klamath region.
Plant species diversity generally increases from coasts to inner regions with coniferous
forests and woodlands dominating at all elevations [10]. Mixed conifer forests of the area
commonly include Douglas-fir, ponderosa pine (Pinus ponderosa, Douglas ex P. Lawson &
C. Lawson), Jeffrey pine (Pinus jeffreyi, Balf.), sugar pine (Pinus lambertiana, Douglas), white
fir (Abies concolor, (Gordon & Glend.) Lindl. ex Hildebr), and incense cedar (Calocedrus

https://www.worldclim.org/
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decurrens, (Torr.) Florin) [10]. Douglas-fir is the dominant conifer throughout much of
the region, with white fir becoming more abundant at higher elevations and ponderosa
pine becoming dominant in the driest sites [21]. Abundant broadleaf tree species include
tanoak (Lithocarpus densiflorus, (Hook. & Arn.) Rehder), madrone (Arbutus menziesii, Pursh),
chinkapin (Chrysolepis chrysophylla, (Douglas ex Hook.) Hjelmq.), and canyon live oak
(Quercus chrysolepis, Liebm.). Common shrubs consist of Ceanothus spp. (buckbrush, snow
brush, deer brush) and Arctostaphylos spp. (hairy manzanita and kinnikinnick) [11,14].
Ceanothus and other shrub species are typically most abundant during the first few decades
following high-severity fire [11].

2.2. Field Methods

Field methods and plot selection are described in detail in [11]. To assess the effects of
time since fire and soil moisture availability, post-fire sites were sampled across a matrix of
time since fire and climatic water deficit (Figure 2 and Figure S1).
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Figure 2. Sample plot locations, with points coded by their climatic water deficit and fire year bin. The geographic area
shown in the second figure corresponds to the red rectangle in the first figure.

Climatic water deficit (an index of site aridity) was calculated following [37], using
30-year normals (1981–2010) of monthly precipitation and mean, maximum, and minimum
monthly temperatures at 800-m resolution [38], and 10-m resolution data for topographic
variables and soil water-holding capacity [39]. The calculated climatic water deficit data
for our sample plots ranged from 78 to 470 mm, with higher values indicating greater
aridity. Candidate sampling sites were limited to areas that burned at high severity
between 1985–2009. High-severity fires were determined by a regionally calibrated RdNBR
threshold >574, which was calibrated to represent a 75% reduction in both canopy cover
and basal area based on an analysis of 25 fires in the Klamath Mountains and Sierra
Nevada [40]. Sites that have been burned within 30 years prior to the most recent fire
and sites that had any type of post-fire management (including salvage logging and
planting seedlings) were excluded to avoid any confounding effects [11]. Plot selection
was stratified by sampling plots in each cell of a 5-by-4 matrix of fire years (1985–1989,
1990–1994, 1995–1999, 2000–2004, 2005–2009) and climatic water deficit (<150, 151–250,
251–350, >350 mm). Plots within each criteria combination were randomly selected and
a matrix of the plots are provided in the supplementary materials in [11]. The 57 plots
experienced fires between 1987 and 2008 and represented nine fire years and 22 fires in
total (sampling was conducted at seven to 28 years since fire). Forty-four of the 57 plots had
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no live trees that survived the fires. Each plot was 450 m2 (15 × 30 m), and all plots were
sampled during the summer of 2015. The study design provided randomly selected sample
plots that were well-distributed along climatic water deficit and time since fire gradients
with no significant correlation between the two variables (Figure S1). Our analysis of
additional geographic and topographic variables showed that about half of the variation
in climatic water deficit across the sample plots was explained by broadscale gradients of
latitude and elevation (Figure S2).

We sampled plant community composition, plant foliar nutrient concentrations, and
soil properties. Woody vegetation was sampled in three size classes: overstory (>15 cm
diameter at breast height (dbh)), small trees (1.5–15.0 cm dbh), and the shrub/sapling layer
(all shrub species and trees species <1.5 cm dbh). All woody plant species were sampled.
The dbh for all live and standing dead stems was recorded for the overstory and small-tree
classes. In the shrub/sapling layer, height and crown diameter were measured for each
individual shrub or sapling. Crown diameter was measured along one axis per individual
plant, selected to represent the average crown diameter. The live aboveground biomass of
trees and shrubs was estimated using genus- or species-specific allometries when possible
(all large trees, 67% of small tree stems, 94% of all shrubs). For the less-common species,
for which species-specific equations were not available, a common equation was applied
for species or groups of species with similar growth form (for details on the allometric
calculations see [11]).

To measure foliar C and N concentrations, live foliage was sampled for 3–5 individuals
per plot including the dominant conifer species, the dominant broadleaf tree species, the
dominant shrub species, and two additional species representing the next most abundant
woody species in the plot. For each broadleaf tree and shrub species, 2–4 leaves (without
woody material) were collected. For coniferous species, we collected 2–4 shoots (including
the needles for the current year’s growth) per individual plant. For all species, we only
collected sun-exposed foliage. The sampling yielded foliar nutrient concentration data for
both Ceanothus and Douglas-fir in only 17 of our 57 plots, limiting our ability to rigorously
compare how leaf stoichiometry of our study species varied with climate.

Three samples of mineral soil were taken in each plot to a depth of 10 cm. We
acknowledge that plants in arid sites may root deeper than our sampling depth, however,
we focused on upper mineral soil because wildfire effects are typically greatest in shallow
depths [41], and surface litter and organic horizons were extremely rare in these intensely
burned sites. This focus on shallow soil precludes development of detailed biogeochemical
budgets, but allowed us to distribute sampling efforts toward extensive coverage of plots
that varied widely in aridity and time since fire. All plant and soil samples were air-dried
in paper bags before being shipped to the University of Virginia for chemical analyses.
Plant and soil samples were then oven-dried, ground, and analyzed for C and N using a
Carlo Erba Elemental Analyzer (CE Instruments, Ltd., Wigam, UK).

2.3. Analyses

We used a series of linear bivariate regressions (“lm” function, [42]) to examine the
effects of time since fire and climatic water deficit individually on each of the following
response variables: Ceanothus biomass, Douglas-fir biomass, and soil C, N, and C:N. We
also used multiple regressions to address how time since fire and climatic water deficit
influence Ceanothus and Douglas-fir biomass. Of the 57 plots, Ceanothus spp. were present
in 53, Douglas-fir was present in 44, and both species were present in 40 plots. Therefore,
regression models included different numbers of plots depending on the response and
explanatory variables used. Additionally, we removed one plot from our Douglas-fir
biomass and one plot from our Ceanothus biomass analyses due to biomass values greater
than two standard deviations from the mean. Douglas-fir was chosen as the main conifer
species of the analyses as it was the most abundant tree species in our study sites, covering
94.54% of the regenerating conifer biomass.
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To assess Ceanothus effects on soil N, we used soil N as the response variable in a
linear regression with the explanatory variable of Ceanothus biomass. Since both soil C:N
ratio and Ceanothus biomass were significantly related to climatic water deficit, we also
conducted a multiple regression with the independent variables being Ceanothus biomass,
climatic water deficit, and their interaction. We recognize the need for a more fine-grained
approach in understanding the true effect of the difference in various Ceanothus growth
forms. As we lose statistical power when Ceanothus is separated into individual species,
we focused our analyses at the genus level.

To assess interactions between Ceanothus and Douglas-fir, we evaluated Douglas-fir
biomass with the explanatory variable of Ceanothus biomass with linear and asymptotic
regressions (“SSasymp” function, [42]). In addition to direct interactions with Ceanothus,
factors such as seed availability and dispersal, damage from deer browsing, and competi-
tion from other species such as hardwoods might also influence the natural regeneration of
Douglas-fir, but we did not have data to test such effects [21]. Since Douglas-fir biomass
and Ceanothus biomass were both significantly related to climatic water deficit, we also
conducted a multiple regression with Ceanothus biomass, climatic water deficit, and their
interaction as the independent variables. Model selection was assessed with an Akaike
Information Criterion (AIC) score for each relationship and the goodness of fit of the
models was evaluated based on the R2 values.

3. Results
3.1. Ceanothus and Douglas-Fir Biomass

Ceanothus biomass per plot was high within the first 10–15 years after fire, but it
significantly decreased with time since fire (Figure 3a and Figure S3; p = 0.01, R2 = 0.12), and
significantly increased with climatic water deficit (Table S2; Figure 3b; p = 0.04, R2 = 0.08).
Douglas-fir biomass was highly variable among plots including near-zero values in at
least one plot sampled at each time since fire, which resulted in the lack of a significant
linear relationship with time since fire (p = 0.69). However, Douglas-fir biomass was
negatively related to climatic water deficit (Figure 3c,d; p = 0.02, R2 = 0.13). Multiple
regression with both time since fire and climatic water deficit as independent variables
also supported these relationships with Ceanothus biomass (p = 0.01 and p = 0.04, R2 = 0.19).
The multiple regression with Douglas-fir biomass as the response variable preserved the
negative association with climatic water deficit (p = 0.02, R2 = 0.14).

3.2. Soil Resources (C and N)

There were no significant relationships between soil biogeochemical variables (soil
C, N, and C:N) and time since fire (Figure 4a–c). Soil N values did not vary significantly
with climatic water deficit (Figure 4e). However, soil C and C:N ratio both decreased
significantly with climatic water deficit (Figure 4d,f; p = 0.02 and 0.002).

3.3. Ceanothus Effects on Soil Nitrogen Availability and Concomitant Effects on Douglas-Fir

Four Ceanothus (C.) species (C. cordulatus, C. integerrimus, C. sanguineus, and C. veluti-
nus) had high average foliar nitrogen concentrations (2.39%), which were outside the 95%
CI of the average of all other species present (1.28%, p < 0.001) (Figure 5). The relationship
between Ceanothus biomass and soil N was not significant (Figure 6a). There was, however,
a significant negative relationship between Ceanothus biomass and soil C:N (Figure 6b;
p < 0.001, R2 = 0.26), and the relationship remained significant after an interaction between
Ceanothus and climatic water deficit was considered (p = 0.002, R2 = 0.43). The model includ-
ing the interaction between Ceanothus and climatic water deficit was more parsimonious
than the model of Ceanothus as the sole driver of soil C:N (∆AIC = 9.18), and the model of
climatic water deficit as the sole driver of soil C:N (∆AIC = 11.63).
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bars indicate sampling from a single plot (n = 1). Species abbreviations and corresponding Latin
names used on the x-axis can be found in Table S1.
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Figure 6. Linear regression of (a) Soil N (%) with Ceanothus spp. biomass, (b) soil C:N and Ceanothus spp. biomass with
climatic water deficit (cwd). Line in (b) denotes a significant regression (p < 0.001), and the relationship remains significant
when an interaction with climatic water deficit is considered (p = 0.002, R2 = 0.43, not shown).

3.4. Interactions between Ceanothus and Douglas-Fir

Douglas-fir biomass was asymptotically regressed against Ceanothus biomass. Douglas-
fir biomass decreased significantly with greater Ceanothus biomass, reaching an asymptote
of 11.56 g/m2 (Figure 7a; p < 0.001, R2 = 0.27). The tendency for Douglas-fir biomass to
decrease with increasing Ceanothus biomass remained significant even after considering the
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underlying relationship of Ceanothus biomass (i.e., increasing) with climatic water deficit
(Figure 7; βCeanothus biomass = −0.17, p = 0.01, R2 = 0.31).
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4. Discussion

Across the Klamath Mountains, we found that aridity (measured as climatic water
deficit) was a key factor structuring plant competition and soil biogeochemistry over the
first 28 years following high-severity wildfire. More arid sites displayed greater biomass
of N-fixing Ceanothus shrubs, lower biomass of Douglas-fir trees, and lower C:N in sur-
face mineral soil. Increasing Ceanothus biomass at more arid sites was associated with
an asymptotic decline in Douglas-fir biomass, which reached low yet stable levels when
Ceanothus biomass was ca. >550 g/m2. Thus, it seems that rather than completely ex-
cluding Douglas-fir from a site, high Ceanothus biomass and cover would more likely
reduce Douglas-fir height and diameter growth in the initial decades after fire [43]. With
time, the turnover of Ceanothus biomass with high foliar N will eventually return N to
the soil to support growth of Douglas-fir, with N supply (mineralization) aided by the
lower soil C:N in areas where Ceanothus was abundant [44]. Overall, the proportion of
variance explained by our regressions was relatively low (R2 < 0.45), which reflects both
the enormous physiographic variability of the region and our sampling scheme, in which
plots span nearly the full range climatic water deficit of values that support forest cover
in the region. Compared to previous work on facilitative and competitive interactions in
similar tree-shrub systems [20,33,35,43], our sampling across a range of physiography and
landscape history necessarily led to more variable results than might be expected when
focusing on adjacent paired plots that differ only in time since fire. Although there was
less control of individual environmental factors than a simpler experiment, this field study
captured greater representation of the diversity of landscape conditions across the Kla-
math region. Understanding this underlying heterogeneity will be essential in generating
expectations for post-fire management planning.

4.1. Post-Fire Succession

We did not detect the expected trend of increasing Douglas-fir biomass with time
since fire [11,45]. Note that our evaluation of Douglas-fir biomass per plot was influenced
by both the density of Douglas-fir juveniles and their growth rates, each of which may be
driven by a different suite of factors. Knobcone pine (Pinus attenuata) and white fir (Abies
concolor) were sometimes abundant, and ponderosa pine (Pinus ponderosa) was occasionally
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present in some of the plots, and total conifer biomass increased nonlinearly with time
since fire [11]. The lack of statistical significance of Douglas-fir biomass along the gradient
of time since fire might also reflect the relatively short time extent of the chronosequence
(maximum of 28 years) [46]. A longer time interval may be needed for significant trends to
become apparent (e.g., as more of the suppressed individuals emerge above the competing
vegetation and their growth rates increase).

Ceanothus biomass was also greatest in the plots sampled at the shortest interval since
fire (seven years), and its biomass decreased with time since fire but increased with increas-
ing aridity. In contrast, Douglas-fir was more abundant in more mesic plots (i.e., lower
climatic water deficit) (Figure 3d). These species-level responses to site aridity followed
our expectations and are supported by the findings of previous literature [11,47,48]. Hotter
and drier climatic conditions will likely continue to favor the growth of more drought-
tolerant shrub species such as Ceanothus, while limiting the growth of conifers such as
Douglas-fir [5,30,49–52].

4.2. Soil Biogeochemistry along Time since Fire and Climatic Water Deficit Gradients

We expected soil C and N to increase with time since fire [27,28,53,54] due to increased
C inputs from plant production, and redistribution of deep soil N or an input from potential
fixed N by Ceanothus to surface soil. Lack of observed change in soil C and N (Figure 4)
may reflect that most C and N fixed after fire remain in accreting biomass in recovering
forests [55], or that effects of individual wildfires on soil C and N may be small [56] and
confounded with changes in soil bulk density [57]. Although we limited our sampling to
sites that burned at high severity 7–28 years before sampling with no record of previous fire
for at least 30 years prior to the most recent fire, some of the soil properties may still have
been undergoing gradual responses to past fire or other disturbances. Our sampling across
a broad range of sites also encompassed wide landscape variation in topography, parent
material, soil profile development, pre-fire forest composition, and structural properties,
and past fire history, all of which can influence soil C and N in these forests [58–62]. The
ability to detect temporal changes in soil C and N would also be improved by pre-fire soil
data, though such data are rare, and are usually limited to few sites.

We did observe patterns in soil biogeochemistry that were related to climatic water
deficit. This suggests that broader climatic factors play an important role in biogeochemistry
across these sites. Our results support the previously found pattern of low soil organic
C at arid sites [63]. Low soil C:N at arid sites is also broadly consistent with the global
trend [64] and may be reinforced in our study by inputs of low C:N Ceanothus tissue to
surface soil (detailed in Section 4.3). Climate effects on soil biogeochemistry may also
operate through more frequent fires as a “press” disturbance (referring to repeated burning)
at more arid sites, causing small yet cumulative changes in C and N inputs to soil over
longer time scales [41,56,65]. Such long-term effects observable across climatic gradients
at the landscape scale may be difficult to detect in space-for-time studies of individual
chronosequences and in heterogeneous landscapes such as the Klamath.

4.3. Ceanothus, Climatic Water Deficit, and Implications for the Cycling of Nitrogen in
the Klamath

Greater climatic aridity in post-fire vegetation of the Klamath Mountains led to greater
Ceanothus biomass (Figure 3b). This may not result in greater stand-level N-fixation,
however, due to declines in individual plant N-fixation in arid sites with high Ceanothus
biomass [30]. Regardless of the source of N in Ceanothus, the combination of high biomass
and N-rich tissues can cause greater N cycling through Ceanothus at arid sites (Figure 3;
Figure 5).This greater recycling of N through Ceanothus may be especially important
relative to N demands by Douglas-fir, which are lower at arid sites due to slow growth and
generally low conifer density.

To disentangle the effects of climatic aridity and Ceanothus on soil biogeochemistry, we
used a multiple regression including the effect of climatic water deficit. The results confirm
that high climatic aridity combined with abundant Ceanothus biomass reduced soil C:N
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ratio more than expected by the effects of climatic water deficit alone (Figure 6b) [44]. Low
soil C:N values generally increase N mineralization and availability in soil [66] including
across age-classes of nearby forests of the western Oregon Cascades where Ceanothus can
also be among the dominant shrubs following wildfire [58]. Furthermore, Ceanothus is likely
contributing fixed N at arid sites, suggested by lower soil C:N. Due to extremely rocky soils
at our sites and the absence of pre-fire data, we could not accurately quantify N budgets of
how fire and N-fixation may have influenced total soil C and N stocks with depth [29,44],
nor how soil N stocks may have influenced early-successional community dynamics [67].
Even without detailed N budgets, our finding that soil N concentrations and Ceanothus
biomass were unrelated is qualitatively consistent with prior evidence from these forests
that Ceanothus’ N-fixation may not fully replace N losses in high-severity stand-replacing
fires that occur within this region of historically mixed-severity fire regimes [30].

4.4. Interactions between Ceanothus and Douglas-Fir

In this study, we have shown that Ceanothus and Douglas-fir are in early-successional
competition. Our finding that Douglas-fir biomass decreased toward an asymptote of
~12 g/m2 with increasing Ceanothus biomass suggests that high coverage of Ceanothus is
unlikely to completely prevent Douglas-fir seedlings from becoming established, but it
may substantially reduce the growth and/or survival of those seedlings that do establish
(Figure 7a). Site aridity can partially explain these relationships, given the significant
decrease in Douglas-fir biomass (Figure 3d) and increase in Ceanothus biomass (Figure 3b)
with climatic water deficit. The negative relationship between Douglas-fir biomass and
Ceanothus biomass still holds, even when accounting for the effects of aridity (p = 0.01),
indicating that high abundance of Ceanothus negatively effects Douglas-fir (e.g., competition
for light, moisture, or both. Douglas-fir and other conifers in these forests eventually grow
taller than Ceanothus and outcompete it for light, though competition can remain intense
between Douglas-fir and taller broadleaf tree species [20].

Integrating the effect of climatic aridity on the N cycle with our understanding of in-
terspecific interactions between Ceanothus and Douglas-fir can shed light on forest recovery
in these ecosystems in a warmer, drier future. Future increases in aridity and wildfire in
this region are likely to increase N cycling through Ceanothus biomass and lower long-term
soil C:N. These processes will increase soil N availability in arid sites more than expected
in the absence of N-fixing Ceanothus, which is needed to sustain long-term forest recovery
in these harsh environments. Longer term studies in other arid conifer forests show that
tree growth can recover from early-successional competition when N-fixing shrubs eventu-
ally senesce and enhance soil fertility [20,35,68]. Additionally, the competitive interaction
between Ceanothus and Douglas-fir in early succession can transition to facilitation through
cooler air and surface temperatures, increased surface soil moisture, and protection against
excessive radiation [31,33,43].

5. Conclusions

We combined observations from the growth and biomass development of Douglas-
fir and Ceanothus following high-severity fire with data on foliage and soil C and N
dynamics and compared these across a broad range of climatic aridity. Building on relevant
work on facilitation and competition in tree-shrub systems [20,33,35,43], we gained new
insights into the interactions between these species and their potential influence on post-fire
vegetation development in a warming climate. Ceanothus initially flourished, then rapidly
declined in biomass within two decades as it became overtopped by taller Douglas-fir
and other conifer or broadleaf tree species. Despite strong competitive dominance of
Ceanothus in the initial decade after fire, we anticipate that Ceanothus may also provide a
facilitative effect via recycling of N from litterfall and ultimately upon senescence, with
previously fixed N becoming available to growing Douglas-fir. Furthermore, the strong
dominance of Ceanothus on drier sites implies that projected increases in aridity due
to climate change will likely favor greater future abundance of Ceanothus during early-
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successional stages following high-severity fire in the Klamath region. The degree to which
increased abundance of Ceanothus following fire in a warmer, drier environment limits
initial post-fire establishment by Douglas-fir via resource competition or enhances the
survival of those seedlings that do become established through increased N-fixation and
microclimatic amelioration remains unknown. By solidifying our understanding of how
disturbance–recovery dynamics are strongly shaped by climate change-induced conditions,
this study implies a need to refine existing hypotheses to account for more than simplistic
competitive interactions.

Our findings have implications for post-fire management, where facilitating the recov-
ery of conifer forests following severe fire is a high priority. The relatively high Douglas-fir
biomass in plots with low climatic water deficit suggests a high payoff for directing efforts
toward planting conifer seedlings in moist sites that have a low density of naturally-
established seedlings due to a lack of seed sources. In contrast, planting seedlings in dry
sites may be less successful, as illustrated by our findings that Douglas-fir biomass tended
to decrease with climatic aridity alone and with Ceanothus biomass, which tended to be
greater at drier sites. Limited conifer recruitment and growth at arid sites may not lead to
a high N demand, but the building of soil organic matter by rapidly growing Ceanothus
may ultimately benefit soil fertility and moisture retention at arid sites [69]. Additional
efforts such as reducing shrub cover may be needed to enhance long-term growth and
survival of conifer seedlings planted at drier sites, while recognizing that reducing shrub
cover still does not ensure conifer seedling survival. Understanding post-disturbance early-
successional spatio-temporal interactions among species can provide crucial knowledge of
the structural and functional responses of plant communities to climate change.
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