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Abstract. Chaparral wildfires typically create even-aged stands of vegetation that grow quickly in the first 2 decades 
following a fire. Patterns of this growth are important for understanding ecosystem productivity and re-establishment 
success, but are logistically challenging to measure over long time periods.We tested the utility of a novel method of using 

shrub growth rings to estimate stand-level biomass accumulation at an annual time scale in southern California chaparral. 
We examined how temporal variation in precipitation and spatial variation in solar irradiation influence that accumulation. 
Using field measurements and a relationship between stem basal area and aboveground biomass, we estimated current 
biomass levels in an 11-year-old chaparral stand, and used growth-ring diameters to estimate growth in each year from age 

4 to 11 years. We found that annual growth as measured by shrub growth rings tracked closely with patterns of annual 
precipitation, but not with time since fire. Solar irradiationwas not found to be a significant covariate with total biomass by 
plot, possibly due to sampling area limitations. The close relationship of annual biomass accumulation with annual 

precipitation indicates that shrub growth-ring measurements can provide a useful metric of stand-level recovery. 

Additional keywords: basal area increment, biomass accumulation, California, Ceanothus, dendrochronology, fire 
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Introduction 

Wildfires are a common disturbance in chaparral ecosystems and 
typically consume nearly all aboveground biomass other than the 
largest live woody stems. Subsequent regrowth – by sprouting 

from underground lignotubers or seedling establishment – 
accumulates woody biomass, which sequesters carbon, represents 
fuel available for future fires and is closely related to future 

ecological fire effects (Riggan et al. 1988). Rates and spatial 
patterns of regrowth are likely affected by bothwater availability – 
which can be spatially and temporally variable – and structural 

limitations in the development of woody stems, which may 
provide a predictable pattern to biomass accumulation with time. 
It is important to understand biomass accumulation because of its 

link to future wildfires, especially in an era of global climate 
change, which in California is expected to result in higher tem­
peratures and altered precipitation regimes (Cayan et al. 2008; 
Pierce et al. 2013). These climate changes might directly affect 

fuel temperature and moisture at the time of burning, but their 
impact on productivity and fuel load is likely paramount in their 
effect on fires. We will be able to understand such linkages 
of climate, structural growth and fire only through detailed 

measurement and modelling of the regrowth. 
Chaparral productivity has been measured in the field for a 

limited number of years and locations (e.g. Schlesinger and Gill 

1980; Black 1987; Pasquini and Vourlitis 2010) and by using 
satellite-based vegetation metrics for a time-span of up to a 
decade (Hope et al. 2007; Kinoshita and Hogue 2011), but 
tracking productivity in the field over a decade is logistically 
challenging. In the present study, we test a novel method for 
measuring stand-level biomass accumulation at an annual time 

scale based on changes in shrub growth rings, and examine how 
temporal variation in precipitation and terrain-related site char­
acteristics co-vary with biomass accumulation patterns in a 
high-productivity chaparral environment. 
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Chaparral species that only are established by seed germina­
tion immediately following a fire (obligate seeders) produce 
annual growth rings that can be interpreted fairly easily because 

they form even-aged stands and for several years are especially 
sensitive to seasonal water availability due to their shallow roots 
(Keeley 1993). With the assumption that the diameter of each 

growth ring corresponds to the diameter of the shrub at the end 
of that growing season, obligate seeder species provide an 
opportunity to measure annual increases in shrub biomass. 

Whereas previous studies have used chaparral growth rings 
to determine stand or shrub age (Stohlgren et al. 1984; Keeley 
1993; Zammit and Zedler 1993; Duren and Muir 2010; Smith 
2016), shrub response to precipitation (Coale et al. 2011) and 
biomass accumulation at a time scale of every 7 years (Riggan 
et al. 1988), research relating growth rings to biomass at 
an annual scale is more common for (non-chaparral) trees 

(e.g. Clark et al. 2001; Bouriaud et al. 2005). 
We address the following research questions within the 

context of understanding patterns of post-fire biomass accumu­

lation in shrublands: 

1. How effective are measurements of shrub growth-ring incre­

ments as a metric of biomass accumulation? 
2. How	 does biomass accumulation of recovering shrubs, 

measured as the change in growth-ring width, vary with 

differences in annual precipitation and time since fire? 
3. How do spatial patterns of shrub biomass vary with solar 

irradiation levels estimated from digital elevation data? 

Methods 

Study site 

The San Dimas Experimental Forest (SDEF) is a research site 
managed by the USDA Forest Service located in the San Gabriel 

Mountains in Los Angeles County, CA, USA. Vegetation there 
is predominantly mixed chaparral, with limited areas of coastal 
sage scrub, oak woodland and mixed conifers. The obligate-

seeding species Ceanothus crassifolius (all nomenclature 
follows Baldwin et al. (2012)) is common on south-facing 
slopes, and Ceanothus oliganthus, another obligate seeder, is 
common on north-facing slopes. The entire study site burned in 
2002. This area experiences a Mediterranean-type climate, with 
hot, dry summers and cool, wet winters. Average precipitation 

for the area is ,720 mm (http://www.prism.oregonstate.edu/, 
accessed 4 April 2014). Reference data are available from a 
previous study (Riggan et al. 1988) that estimated biomass 
accumulation for stands within this site at ages of 7 and 14 years 

using growth-ring reconstruction for 21-year-old shrubs based 
on regressions for biomass components as a function of basal 
area at each of these ages. 

Field methods 

Field plots were located within two 6.25-ha areas (250 by 250m) 
within 500 m of one another. We established three randomly 
located, replicate plots, each 16 m2 (4x 4 m), stratified by 

aspect (north, south, east, west), in each of the two 6.25-ha 
study areas. This design resulted in 12 plots per study area and a 
total of 24 plots for the entire study area (Fig. 1). All plot 
sampling took place in the autumn of 2013 at a vegetation age of 

11 years. The sampling methods were similar to those used in a 
previous study of California chaparral (Uyeda et al. 2016). 

We measured stems from all shrubs present in each plot to 

estimate aboveground biomass. Species-specific regression 
equations relating stem basal area to dry biomass were based 
on stems sampled during the 2013 field campaign and during an 

earlier field campaign in the autumn of 2011. Full details on field 
methods are provided in the online supplementary material. 
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Fig. 1. Location of San Dimas Experimental Forest (SDEF) and individual plot locations. Total biomass was 

measured at all 24 field plots, and growth rings were successfully processed at 19 of the plots. Background imagery 

is from the National Agricultural Imagery Program, acquired in 2012. 
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Growth-ring processing 

Stem cross-sections from five randomly selected Ceanothus 
spp. (C. crassifolius and C. oliganthus) shrubs from each study 
plot were harvested in the field at a height of 10 cm. When a 

shrub had more than one stem present at 10 cm, the largest stem 
was used. The stem cross-sections were sanded with progres­
sively finer sandpaper up to 400 grit and photographed using a 

flat platform and stationary camera. We then measured the 
growth-ring diameters along the maximum and minimum axis 
of each cross-section using ImageJ software (version 1.44, 
http://imagej.nih.gov/ij/, accessed 8 January 2014). An example 
stem cross-section is shown in Fig. S1 in the online supple­
mentary material. 

We calculated the basal area for each year of growth using the 

mean of the maximum and minimum diameter measurements. 
Each year of growth was then converted to a percentage of the 
total area (representing growth at the end of 2013), and the mean 

percentage increment in basal area was calculated for each plot. 
We assumed that the bark width was a constant ratio of the total 
stem diameter (Husch et al. 2003) and therefore used the inside 
bark measurements to calculate the percentage increment values. 

We applied the average plot-level percentage increment to all 
live stems measured in each plot to estimate basal areas for each 

year of post-fire growth. The annual plot-level biomass was then 
calculated for each year post-fire using these estimated basal 
areas and the species-specific regression equations described 
earlier. We did not attempt to evaluate biomass trends of dead 

stems because it was difficult to determine the age at which 
stems had died. Although dendrochronological studies typically 
use standardised growth-ring widths to account for the decline in 

ring width with age (Fritts and Swetnam 1989), in the current 
study, we used total area values because we related stem area 
directly to plot-level biomass increment. 

Analysis of site characteristics 

We estimated annual solar irradiation for each plot in order to 
explore spatial patterns related to energy and water balance. 
Sites with low irradiation levels are typically more mesic than 

sites with high irradiation due to lower evapotranspiration rates 
(Röder et al. 2008), with lower biomass typically associated 
with sites with higher irradiation (Yool et al. 1985). We calcu­

lated the annual irradiation at the centre of each plot using a 
lidar-based digital elevation model (DEM), resampled to 5m, as 
input into the hemispherical viewshed algorithm implemented 

in ArcGIS software (Rich et al. 1994). We also used the DEM to 
calculate the actual slope aspect of each plot, as slight errors in 
plot placement sometimes resulted in actual plot aspects that did 
not match the originally planned aspect. We then grouped the 

plots into three categories based on aspect: north-east to north­
west, south-east to south-west, and directly east- or west-facing. 

To provide an additional assessment of field-based estimates 

of biomass, we calculated the average Normalized Difference 
Vegetation Index (NDVI) for each plot using colour infrared 
imagery with a spatial resolution of 1 m. The imagery was 

collected in May 2012 as part of the National Agriculture 
Imagery Program. NDVI was calculated as the difference of 
plot-averaged digital number values for the near-infrared and 
red wavebands divided by the sum of those values for each plot. 

NDVI is widely used in remote-sensing studies as a metric of 
vegetation greenness and is often well correlated with biophysi­
cal variables such as green biomass (Jensen 2007). Examining 

the plot-averaged NDVI for a date near the end of the study 
period allowed us to compare another metric of vegetation 
abundance (independently of the field-measured biomass) with 

the annual solar irradiation. 

Data analysis 

We examined the relationship between annual precipitation, 
year since fire and average annual biomass growth by calcu­

lating Pearson’s product correlation coefficient (r) for each pair 
of variables (n ¼ 7). Precipitation data were obtained from the 
Parameter-elevation Regressions on Independent Slopes Model 

(PRISM) climate group (http://www.prism.oregonstate.edu/, 
accessed 4 April 2014) and summed by the hydrologic year (the 
12-month period starting 1 October of each year, designated by 
the calendar year in which it ends). 

We performed three linear regression analyses: total biomass 
as a function of modelled irradiation (n ¼ 24), total biomass as a 
function of NDVI (n ¼ 24), and NDVI as a function of modelled 

irradiation (n ¼ 24). We examined the coefficient of determina­
tion (R2) for each regression. All statistical analyses were 
conducted using the R statistical software package. 

Results 

Plot biomass 

Regression models of biomass as a function of basal area for the 

five chaparral species are presented in Fig. S2. The R2 values for 
the live biomass equations range from 0.79 to 0.98, whereas the 
values for dead biomass are lower and range from 0.29 to 0.89 
(Table S1). 

The shrubs density found on each plot ranged from 0.8 to 
4.5 individuals m �2 (Table S2). The average biomass of live 
shrubs, including any attached dead material, at the time of field 

sampling (11 years old) was 2.6 kg m�2, with a range of 
1.0–6.7 kg m�2 (Table S3). The biomass of dead material on 
live shrubs typically was less than 5% of total biomass, although 

it was occasionally as high as 10%. Ceanothus crassifolius 
occurred in high abundance on most plots, and Adenostoma 
fasciculatum and Salvia mellifera were also commonly present. 

Growth rings 

Of the 24 field plots, five were removed from analysis because 
there were fewer than three stem cross-sections per plot of 
suitable quality (Table S2). We found that it was difficult to 
clearly determine ring position in stems smaller than ,1 cm. In 

addition, some shrubs had heart rot or insect damage, which 
obscured the centre rings, and in other shrubs, the smallest centre 
rings were difficult to differentiate. In order to make use of 

the stems that lacked rings from the earliest years of post-fire 
recovery whilemaintaining a consistent number ofmeasurements 
per year in each plot, we started the analysis at the fourth year of 

post-fire recovery (the 2005–06 growing season). The diameters 
of each stem used in this analysis are shown in Table S4. 

The percentage of total stem area in each year is shown for 
each of the final 19 plots in Fig. S3a. The difference between 

http://imagej.nih.gov/ij/
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Fig. 2. Annual biomass increment in each year post-fire in plots facing (a) directly east or directly west; (b) south-east to 

south-west; and (c) north-east to north-west. Annual precipitation is shown in (d). 

10each year of growth is shown in Fig. S3b. Most plots show a peak 

that occurs at Year 9 (the growth that occurred during the 2010– 
11 growing season). This pattern persists when the differences in 

Plot biomass range 

Riggan et al. range 

area are converted to differences in biomass, as shown in 

Fig. 2a–c. The biomass increment peak at Year 9 is aligned 
with the year of highest precipitation during the study period 
(Fig. 2d ). A positive, significant correlation was found between 

annual precipitation and average annual biomass growth 
(r ¼ 0.75, P ¼ 0.05, n ¼ 7). The relationship between biomass 
increment and age is non-linear, and there were insufficient 

data to disentangle the effect of precipitation from age-related 
trends. 
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Plot biomass estimates generated in this study, for the 
plots in which growth rings were available and C. crassifolius 
was the dominant species (15 total), varied by a factor of 
3.5 from highest to lowest (Fig. 3). The range of values is 
consistent with those previously measured using a 21-year­

old growth-ring reconstruction of 11 C. crassifolius-dominated 
plots (Riggan et al. 1988). The two datasets show very 
similar growth trajectories for their overlapping years since 

burning. 
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Fig. 3. Maximum and minimum annual biomass values in Ceanothus 
crassifolius-dominated plots from this study (Years 4 through 11 post-fire) 

and values reconstructed from growth-ring measurements of 21-year-old 

C. crassifolius plots from the same general study area in Riggan et al. (1988) 
(Years 7, 14 and 21 post-fire). 
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(a) Total biomass and annual irradiation for each of the 24 field plots; (b) NDVI (Normalized Difference Vegetation Fig. 4. 
Index) and annual irradiation; and (c) total biomass and NDVI. Plots are grouped into categories of north-east to north-west, 

south-east to south-west, and directly west- or east-facing. 

Analysis of site characteristics 

The irradiation analysis requires only the final biomass values, 

so we included the full set of 24 plots. No relationship between 
biomass and modelled irradiation is evident (Fig. 4a, R2 ¼ 0.02, 
P ¼ 0.6, n ¼ 24). 

We calculated the average plot NDVI to serve as an indepen­

dent verification of the pattern of irradiation and vegetation 
abundance. The regression of modelled annual irradiation and 
NDVI is not significant at the 0.01 significance level (R2 ¼ 0.20, 
P ¼ 0.03, n ¼ 24, Fig. 4b). However, the regression of total 
biomass and NDVI is significant (R2 ¼ 0.37, P ¼ 0.002, n ¼ 24, 
Fig. 4c). 

Discussion and conclusion 

Growth rings 

We found that shrub growth rings provide a fairly straightforward 
and promising method to track patterns of biomass accumulation 

in the early years of post-fire recovery. Althoughmost plots show 
a consistent overall temporal pattern of growth that tracked with 

the temporal variation of annual precipitation, there was consid­
erable variation among plots (Fig. 3). Previous studies indicate 

that precipitation plays an important role in shaping the patterns 
of post-fire recovery (Keeley andKeeley 1981; Hope et al. 2007), 
and that the pattern of recovery is spatially variable (Kinoshita 

and Hogue 2011). Understanding the role of precipitation in 
shaping patterns of post-fire biomass accumulation is important, 
especially in light of higher temperatures and potential changes in 

precipitation magnitude and intensity in California that are 
expected with global climate change (Cayan et al. 2008; Pierce 
et al. 2013). If chaparral stands receive lower levels of precipi­
tation for extended periods, they will likely recover more slowly 
after a fire (Prieto et al. 2009), although it is possible that 
increasedwater use efficiency due to higher levels of atmospheric 
CO2 would compensate for this reduction in growth rate (Tague 

et al. 2009). 
The annual growth plot shows a non-linear relationship 

with stand age, where growth peaks approximately 9 years 

following fire. In this particular study, precipitation also 
generally increased to a peak value for the first 9 years 
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following fire, so it is difficult to disentangle the effect of age 
from precipitation. 

Although it is useful to convert the stem cross-sectional area 

to biomass, it requires the assumption that the regression 
equation relating biomass to stem area is consistent across years. 
Age-specific equations would provide a more accurate estima­

tion of biomass, but we decided that for the purposes of this 
project, calculating biomass based on a single age would be 
sufficient. 

Analysis of site characteristics 

Cumulative irradiation has been shown in other studies of 
Mediterranean-type landscapes to be a useful predictor of bio-

mass (Yool et al. 1985; Dahlin et al. 2012). It is unclear why no 
relationship was observed in the present study. 

One possible explanation for the lack of statistical relation­

ship with biomass is that there could be co-location errors 
between plot locations and the DEM from which irradiation 
values are derived. However, NDVI also shows little relation­

ship with irradiation, and this was not dependent on any sort of 
field-based error. NDVI does exhibit a realistic relationship with 
measured biomass. 

There are several other possible explanations for the lack of 
agreement in biomass and terrain-related variables. The spatial 
extent of the study area and number of plots might both be 
too small to detect a relationship. Analysis of terrain-related 

variables is commonly conducted over large spatial extents 
and C´z(e.g. Kopecký ˇ ıˇková 2010; Dahlin et al. 2012). Another 

possible factor might be that the study area is still in the early 

stages of post-fire recovery, and was not yet at a state of full 
canopy closure. Related to the matter of canopy closure devel­
opment is the potential issue of plot size. We chose to use 16-m2 

plots because the smaller area was more tractable than the 64-m2 

plot size we had used in a previous chaparral study (Uyeda et al. 
2015), especially considering the large number of plots. 
However, it is possible that plots 16 m2 in area individually 

are too small to be representative of a given landscape element, 
particularly if canopy closure is incomplete. 

Use of shrub growth rings is a promising technique for 

reconstructing stand development patterns of early post-fire chap­
arral, andwould likely alsoworkwell in otherMediterranean-type 
shrublands. During the study period, precipitation had a signifi­

cant role in shaping the annual patterns of biomass growth, and 
NDVI values based on high-spatial-resolution aerial imagery 
co-varied with field-based biomass values. Satellite-based 

NDVI time-series data are often used to understand patterns of 
biomass accumulation in shrublands at fairly coarse spatial 
resolutions (e.g. McMichael et al. 2004; Uyeda et al. 2015; 
Potter 2016). As shown in the current study, biomass levels can 

vary substantially over short distances, so relating coarse-
resolution imagery to field-based measurements of biomass 
can be problematic. Imagery with high spatial resolution is not 

typically available at an annual temporal resolution, so plot-
based growth-ring data provide important information on annual 
growth that would not otherwise be available. 

In future work, we plan to examine the relation of patterns in 
biomass recovery, as measured here, to a time series of satellite-
based metrics of vegetation growth. This will help to determine 
if metric relationships from satellite-based imagery provide a 

feasible way to scale field-intensive measures of shrub growth 
across larger areal extents. 

Acknowledgements 
Mike Oxford from the USDA Forest Service arranged for access to SDEF. 

I. Schmidt, Y. Granovskaya, J. McCullough, K. Walsh, A. Clark, 

J. Schichtel, L. Handa, M. Hartfelder, K. Hartfelder, E. Storey, R. Elliott and 

A. Lewis provided assistance with field vegetation sampling. J. Reichling 

and E. Reichling provided access to sanding equipment and workspace. 

Funding for this project was provided by the USDA Forest Service through 

American Recovery and Reinvestment Act Agreement no. 10-JV­

11279701–10: ‘Airborne remote sensing to enable hazardous fuels reduc­

tion, forest health protection, rehabilitation and hazard mitigation activities 

on Federal lands’, Dr Philip Riggan, Principal Investigator. 

References 
Baldwin BG, Goldman DH, Keil DJ, Patterson R, Rosatti TJ, Wilken DH 

(2012) ‘The Jepson manual: vascular plants of California.’ (University 

of California Press: Berkeley, CA) 

Black CH (1987) Biomass, nitrogen, and phosphorus accumulation over a 

southern California fire cycle chronosequence. In ‘Plant response to 

stress – Functional analysis in Mediterranean ecosystems’. (Eds JD 

Tenhunen, FMCatarino, OL Lange, WCOechel) pp. 445–458. (Springer: 

Berlin). doi:10.1007/978-3-642-70868-8_29 
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