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Abstract 
 

California’s widespread chaparral shrublands provide an ideal setting to investigate 
mechanisms linking plant and soil dynamics during succession. Periodic crown-fire in chaparral 
temporarily removes all living shrub cover, deposits mineral N on soils, and allows functionally 
diverse herbaceous communities to dominate the landscape for 3-5 years. In many areas, 
chaparral stands are bordered by non-native grasslands and fire can facilitate invasion of 
chaparral by grasses. Herbivorous small mammals in chaparral have been previously 
demonstrated to impact the composition of the chaparral understory and consume non-native 
grasses at the grassland-chaparral border. Herbivory may also impact soil N and C cycling 
through changes to plant community composition and direct additions of herbivore feces and 
urine. The composition of post-fire herbaceous communities, whether influenced by herbivory or 
another factor, may itself impact soil nutrient cycling. In particular, N-fixing and non-N-fixing 
herbs can have functionally distinct effects on ecological and ecosystem processes, influencing 
herbivore feeding preferences, competitive or facilitation relationships between plants, and litter 
decomposition rates. We conducted two parallel field experiments in Northern California 
chaparral. First, we established an herbivore-exclosure experiment to investigate how 
mammalian herbivores impact invasive grasses, general understory herb composition, and soil N 
and C cycling. Second, implemented an herb-removal experiment to manipulate the biomass of 
N-fixing and non-N-fixing herbs, investigating how these factors influence soil C and N cycling 
in post-fire chaparral during the first two years after fire. Mammalian herbivory reduced 
herbaceous abundance post-fire, particularly non-native grasses, suggesting herbivores limit 
grassland invasion into chaparral. However, herbivore exclosures did not measurably impact N 
and C cycling during the first two post-fire seasons. Removing N-fixing and non-N-fixings herbs 
dramatically influenced soil N and C dynamics in the same system. Two years after fire, plots 
with all herbs removed had significantly lower soil N and C than any treatment with herbs. Post-
fire herbs do appear to enrich soil in C and N, which may benefit recovering shrubs even after 
herbaceous communities die back. 
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1. Project Objectives 
 
Objective 1. Assess the impact of post-fire herbaceous growth on soil N cycling in chaparral.   
 
Hypothesis: Nitrogen cycling and retention will be highest in plots with (1) all herbs, followed by 
(2) non-N-fixers, then (3) N-fixers; all measures of N cycling and retention will be lowest in (4) 
the full removal plots.  
 
Justification: The post-fire environment is characterized by high labile N. N-fixing plant species 
typically grow more slowly than N-fixers where soil available N is high, due to the high energetic 
cost associated with hosting root bacterial symbionts. Rapid growth of non-N-fixers is important 
to maximizing N uptake. Still, the plot containing both functional groups of herbs should have the 
highest rates of N cycling. Even low-densities of N-fixers in (1) all-herb plots will input 
biologically-fixed nitrogen. 
 
Completed. This project results in the submission of a dissertation chapter and a submitted 
manuscript currently in review with Journal of Plant Ecology. Results were presented two 
academic conferences and a diverse stakeholder site tour of Hopland Research and Extension 
Center. A draft of a research brief for the California Fire Science consortium has been prepared 
and will be published when the peer-reviewed article is accepted. 
 
 
Objective 2. Assess the impact of mammalian herbivory on soil N cycling in post-fire 
chaparral. 
 
Hypothesis: Herbivory will accelerate nitrogen cycling during the two-year course of the 
experiment.  
 
Justification: In a high-N, post-fire environment, herbivores will not need to preferentially 
consume N-fixing species. In the absence of nitrogen limitation, non-N-fixers will grow to 
compensate for loses to herbivory, increasing total uptake of soil N. 
 
Completed. This project results in the submission of a dissertation chapter and a submitted 
manuscript currently in review with Ecosystems. Results were presented in the same settings as 
described in objective 1. 
 
 
Additional Objectives Added: 
 
Objective 3. Assess the impact of season of prescribed burning on soil N cycling and physical 
characteristics in post-fire chaparral. 
 
In Progress. We have combined the dataset collected in Objective 2 with measurements taken at 
the same site following fall fire. We can compare soil dynamics in chaparral sites burned in spring 
and fall or the same year, paired with unburned controls, then followed longitudinally for two 
years. These analyses are in progress and will result in an additionally scholarly publication. 
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2. Background 
 
California widespread chaparral shrublands are susceptible to high-intensity summer and 

fall fires (Keeley and Davis 2007). Nitrogen (N) is often limiting to plant growth in chaparral 
ecosystems (Christensen and Muller 1975) and N availability can influence shrub and herb 
succession after fire (Guo 2001, Pasquini and Vourlitis 2010). At the same time, plants 
themselves influence soil ecosystem processes. After chaparral fire, soil is rich in mineral N, 
which can be lost to leaching if not taken up by fast-growing plants. The plants that immediately 
colonize after fire may play an essential role in immobilizing ash-derived N, influencing soil 
nutrient cycling, and preventing N losses that would slow shrub recovery and threaten water 
quality in adjacent aquatic habitats (Rundel and Parsons 1984). After chaparral fire, bare soil is 
rapidly colonized by a flush of herbaceous plants, (Potts et al. 2010); however, no experimental 
approach has directly tested the impact of these ephemeral plant assemblages on post-fire N or C 
cycling. In this study, we investigated in chaparral shrublands (1) how herbivory by small 
mammals impacts herbaceous functional composition and invasion by non-native grasses, 
(2) how herbivory impacts post-fire chaparral N and C cycling, and (3) how experimental 
manipulations of herbaceous assemblages of N-fixers and non-N-fixers impact N and C 
cycling. 

Chaparral vegetation contains a dense native shrubs assemblages, mainly comprised of 
Adenostoma fasciculatum (Keeley and Davis 2007). While mature chaparral hosts almost no 
herbaceous understory beneath its dense shrub canopy (Christensen and Muller 1975), periodic 
wildfire (every 30-90 years, Water and Safford 2011) temporarily eliminates shrub cover and 
initiates a flush of fire-following herbaceous species, which dominate for 3-5 years before the 
recovering shrub canopy closes (Potts et al. 2010). Post-fire assemblages contain both N-fixing 
and non-N-fixing herbs (Keeley et al. 1981), which can exert distinct effects on soil N and C 
cycling. N-fixers, which host root bacterial symbionts that convert atmospheric N2 to NH4+, tend 
to have higher tissue N content (lower C:N ratio) than non-N-fixers. When N-fixers die or 
senesce, they deposit N-rich litter, which decomposes quickly (Parton et al. 2007, Scherer‐
Lorenzen 2008) and increases soil N mineralization (Robertson and Groffman 2007). N-rich 
litter generally increase the accumulation of soil organic C (Zhou et al. 2019), which can help 
draw down atmospheric CO2 concentrations and build soil quality (Rumpel et al. 2018). Plant 
litter that is comparatively N poor (high C:N ratio), such as that from non-N-fixers, may 
decompose more slowly and even lead to the immobilization of mineral N during early 
decomposition (Parton et al. 2007), reducing the supply of N to recovering plants. 

Rates of nitrification in post-fire soils, the conversion of NH4+ to NO3-, can heavily 
influence soil N losses due to leaching, and post-fire herbs can slow this process (Hanan et al. 
2016). Burning deposits NH4+ on soil, which is quickly nitrified to NO3- (Christensen 1973). 
While both forms of mineral N are available for plant uptake, NO3- is more mobile in soils and 
vulnerable to leaching. The plants that immediately colonize after fire absorb NH4+ before it is 
nitrified or NO3- before it is leached, preventing N losses that would slow shrub recovery and 
threaten nearby water quality (Rundel and Parsons 1984). Internal cycling of this retained N 
through subsequent litter decomposition provides a supply of N to support plant productivity 
(Parton et al. 2007) during succession. 
 In this study, we investigated how multiple ecological factors in impact post-fire herb 
composition and soil N and C cycling. First, we established an herbivore-exclosure experiment 
immediately after chaparral fire in northern California to test the effect of mammalian herbivores 
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on chaparral herb assemblages and soil N and C cycling. In high-N systems, like post-fire 
chaparral, herbivores may actually stimulate compensatory growth of fast-growing N-rich 
species that can tolerate defoliation (sensu McNaughton 1983). This effect may accelerate N 
cycling by increasing rates of plant N uptake, N content of litter, and dung/urine N (Ritchie et al. 
1998, Wardle et al. 2004, Sitters and Olde Venterink 2015). Thus, we hypothesized that 
herbivores would accelerate N cycling in the high-N post-fire environment. We also revisited the 
role of mammalian herbivores in limiting chaparral invasion by non-native grasses, which 
typically dominated immediately adjacent to chaparral (Bossard and Randall 2007). There is 
increased evidence of type conversion of chaparral to non-native grasslands (Park et al. 2018, 
Syphard et al. 2019), particularly after short-return-interval fires (Zedler et al. 1983, Keeley and 
Brennan 2012), in masticated areas (Potts and Stephens 2009), and in areas of decreased 
moisture (Park et al. 2018). Intense rodent herbivory can facilitate the exclusion of exotic grasses 
from shrublands (Park and Jenerette 2019), indirectly benefitting shrubs and limiting exotic grass 
invasion. 

Second, we implemented a field herb-removal experiment to test the impact of N-fixing 
and non-N-fixing herbs on post-fire chaparral soil N and C cycling. By weeding plants as they 
emerged from recently burned chaparral, we manipulated the presence of N-fixers and non-N-
fixers in post-fire herb assemblages. Treatments were: (1) all herbs, (2) only non-N-fixing 
species, (3) only N-fixing species, or (4) no herbs. As response variables, we measured 
herbaceous biomass and soil N and C dynamics. This experiment also provides a test of 
competition and facilitation between N-fixing and non-N-fixing herbs in post-fire chaparral. We 
predicted that N-fixers would be poor competitors against non-N fixers where soil available N is 
high due to energetic costs associated with maintaining N-fixing bacterial symbionts. We 
expected N-fixers to facilitate greater growth of non-N-fixers where the two groups grew 
together, yielding in the highest biomass in plots containing all herbs, followed by non-N-fixers 
and N-fixers. We predicted the highest levels of mineral N and rates of N mineralization would 
occur in plots with exclusively N-fixing plants, due to inputs of N-rich plant litter. However, we 
predicted the highest rate of total soil N (TN) and C (TC) accumulation from all-herb plots and 
the lowest from bare plots, following plant biomass trends. 

The results of our experiments can help guide the implementation of two controversial 
management decisions: (1) post-fire seeding and (2) post-fire grazing/fencing. Chaparral 
vegetation, growing on steep slopes and often at the urban-wildland interface, has been seeded 
heavily postfire in an effort to mitigate erosion and landslide risk (Beyers 2004). Concern about 
the spread of invasive plants prompted a shift toward seeding native herbs after wildfire (Peppin 
et al. 2011), and U.S. law currently mandates natives be used in rehabilitation seeding projects 
whenever economically feasible. However, while interest in seeding with native species has 
blossomed, little investigation has addressed the impact of seeding on post-fire N retention and 
cycling. Vourlitis et al. (2017) provide the first evidence that seeding by native herbs and sub-
shrubs increases N retention, including NO3-, in post-fire chaparral. Our project demonstrates the 
impact of existing herbs on early post-fire N cycling and chaparral soil recovery. In deciding 
whether to utilize costly post-fire aerial seeding, managers of chaparral lands will need to predict 
the effectiveness of the intact seedbank in retaining N, suggesting site-specific responses. We 
may suggest a native seeding mixture to apply where burned areas are denuded of post-fire 
herbaceous flora due to previous land use. We demonstrate whether a natural suite of herbivores 
impact soil N and C, suggesting a role for fencing recently-burned areas or even augmenting 
grazing. Finally, we examine the impact of herbivores on invasive grasses in chaparral. 
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3. Materials and Methods 
 

Study Location and Site Selection 
 We conducted this study at the Hopland Research and Extension Center (Mendocino 
County, California, 39.00, -123.08, Figure 1). HREC is located in the inner North Coast Range 
of California and experiences a typical Mediterranean-type climate with a warm dry spring 
through summer (annual averages 1981-2010: 11.2 cm precip.) and a mild rainy fall through 
winter (83.7 cm precip.). The first season of monitoring had a particularly rainy fall and winter 
(2016-2017: 117.0 cm), while the second was comparatively dry (2017-2018: 18.3 cm). 
Temperatures were fairly consistent between years of sampling, with mean lows–highs of 10.2–
20.5°C (2016), 10.4–21.0°C (2017), and 10.7–21.1°C (2018). Short-term data (2016-2018) are 
from NCDC Hopland Station (Elev. 817 m; 39.03,-123.08) and 30-year normal are from HREC 
Headquarters (Elev. 263 m; 39.00,-123.08).  

Herbivore exclosures were placed in the footprint of four chaparral prescribed fires: two 
conducted in spring (April 21) and two in fall (October 23) 2016 (Figure 1,2). The herb-removal 
experiment was place in one of the spring fire sites (J). Each burn area ranged from 1-2 ha in 
extent. The California Department of Forestry (CalFire) set upslope prescribed fire (headfire) 
using a combination of drip torches with a gasoline/diesel mixture and mounted terra torches 
with gelled aviation fuel. To prevent fire escape, the borders of each site were cleared by 
bulldozer and the uphill side of the fire was backburned. The elevation of these sites ranges from 
556 to 907 m. All except for one were south-facing. Chaparral prescribed fires conducted outside 
of the typical summer burn window (June – November; after spring drying and before first fall 
rain) are typically much less intense than wildfires (Beyers and Wakeman 1997, Stephens et al. 
2008) and may favor a different suite of species (Knapp et al. 2009, Wilkin et al. 2017).  Before 
fire, shrub vegetation was thick and continues (Figure 3A); after fire, almost all living 
aboveground plant biomass was consumed, leaving only woody skeletons (Figure 3B). 

Several species of small herbivorous mammals have been observed in the early post-fire 
chaparral at Hopland, including brush rabbit (Sylvilagus bachmani), black-tailed jackrabbit 
(Lepus californicus), Botta's pocket gopher (Thomomys bottae), Townsend chipmunk 
(Neotamias townsendii), Heermann’s kangaroo rat (Dipodomys heermanni), deer mice 
(Peromyscus spp.), and the dusky footed woodrat (Neotoma fuscipes). Black-tailed deer 
(Odocoileus hemionus) are also common (Longhurst 1978). 

 
Experimental Design 

For the herbivore-exclosure experiment, we placed six experimental blocks within each 
site, with a minimum of 20 m between blocks. Each block included an open control plot, paired 
with an herbivore-exclusion treatment (installed Dec. 2016-Jan. 2017). The herbivore exclosures 
were rectangular plots of 3 x 4 m staked at the corners with rebar stakes. The plots in a block 
were arranged side by side along the hillside, so that no plot within a block was uphill of another. 
The fencing material was a heavy UV-resistance plastic mesh (0.64 cm openings, 1.3m high). 
The mesh was installed flush to the ground, but was not buried (Figure 3C,D). Thus, some small 
mammals may have been able to burrow underneath the fence, but mammal entry was likely 
substantially reduced and we did not find deer droppings inside of exclosures. To evaluate 
potential artifacts due to cage installation and presence, we installed half-cage controls in three 
experimental blocks per site. Half-cage controls consisted of rebar stakes in the four corners of 
the plot as well as fencing on the upper and lower edge. 
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Figure 1. Location of research sites within the Northern California region and perimeters of each prescribed fire. 
Basemap was built with Google Maps from imagery captured in 2018 and copyrighted (2019) by Mazar 
Technologies, USDA Farm Service Agency. Black dot in inset map identifies project location. 

 

 

 
 

Figure 2. Chaparral prescribed fire at Hopland Research and Extension Center (Site L, October 2016). Photo Credit 
California Department of Forestry and Fire Protection. 
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Figure 3. Photos of vegetation and setup, including: (A) mature pre-burn chaparral (Site T, April 21, 2016), (B) 
immediate post-fire chaparral (Site K, October 23, 2016), (C) herbivore exclosure before herb growth (Site L, March 
28, 2017) and (D) herbivore exclosure after one year of growth (Site J, May 9, 2017), (E-H) Site J, March 2017. 
Photo credit: Lindsey Hendricks-Franco. 

At site J only, we set up an herb-removal experiment. There were six blocks within the 
site (>20m between blocks), with each block containing four plots of 2 x 3 m (side by side, 1 m 
apart). Four treatments were randomly assigned to each plot in a block. We selectively weeded 
herbs so that plots included: (1) all herbs (no removal), (2) only non-N-fixing species (removal 
of N-fixers), (3) only N-fixing species (removal of non-N-fixers), or (4) no herbs (full removal) 
(Figure 3E-H). Plots were monitored weekly or biweekly during the growing season (December 
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through May) so that herbs could be weeded as soon as they emerged, minimizing soil 
disturbance. Roots were typically 1 cm or less in length when plants were removed. Where 
possible, we weeded by reaching from outside the plots to avoid trampling the interior. To 
control for the ground disturbance due to weeding, we shallowly penetrated the soil surface with 
a stick at multiple locations within the all-herb (no-removal) plots at each weeding session. 

Great care was used to place plots in regions dominated by chamise (Adenostoma) 
chaparral. Regions with apparent N-fixing shrubs (Ceanothus spp. and Pickeringia montana) 
were rejected. After one year of the experiment, some plots contained an unexpectedly high 
component of recovering non-chamise shrubs, including Quercus spp. These blocks were 
dropped from the analyses. Vegetation sampling (described below) confirmed dominance by 
Adenostoma, with a standing dry biomass of 107±16 g/m2 in 2017 and 202±19 g/m2 in 2018. No 
other shrub exceeded average standing biomass of 4.4 g/m2 in either year. 
 
Vegetation Sampling 

We monitored vegetation at peak biomass at the end of each growing season (June-July 
2017 and May 2018). We estimated biomass using the point intercept method with a pin-frame 
sampler. In each 3 x 4 m plot, we subsampled three 0.5 x 0.5 m quadrats, one in the center of the 
plot, one in the top left, and one in the bottom right. The top and bottom plots were always 
placed 0.5 m inside of the plot, measured from the top and the side. The pin-frame quadrat held 
twenty pins vertically over the shrub and herbaceous vegetation growing in the plot. The pins 
were placed so that 5 pins were in each quarter of the quadrat. We counted how many times each 
pin hit each plant species. 

We used the total number of pin hits as a proxy for plant dry biomass (Jonasson 1988). 
To relate this value to standing biomass, we collected and dried plants that were sampled using 
this method. We sampled 32 quadrats using the pin frame, principally outside of the 
experimental plots to minimize vegetation disturbance. We then clipped aboveground growth of 
plants and sorted it by plant functional group: shrubs, N-fixing herbs, and non-N-fixing herbs. In 
the lab, we thoroughly rinsed these herbs in water to remove all soil and dried them at 65°C for 
at least 48 hours before weighing their dry biomass. We estimated equations relating pin hits in 
each of these groups to biomass using a linear regression for each group. In order to avoid 
regression estimates of negative biomass values, we set the y-intercept to zero: 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  0 +  𝛽𝛽1 × ℎ𝑏𝑏𝑖𝑖𝑏𝑏     Eqn. 1  
where biomass is dry mass of plants (g-1m2) and hits is the total number of pit hits per group in a 
plot. R2 was over 0.9 in all cases, demonstrating a strong relationship between biomass and pin 
hits. 
 
Soil Physical and Chemical Properties 
Soil Collection 

For all soil measurements in this project, we collected soils to a depth of 10 cm to capture 
the dynamics most likely driven by herbaceous growth and litter decay. Throughout the 2017 and 
2018 spring growing seasons, we collected soil samples monthly from each plot (March-June 
2017 and February-May 2018). Generally, we collected four 2.5 cm-diameter, 10 cm-deep soil 
cores at each plot and pooled the soil to minimize plot level variation. The exception was a 
collection in late January 2017, during which we pooled soil from cores across the whole block 
in order to capture seasonal conditions and block-level characteristics, without respect to a 
specific treatment. At each sampling, the soil cores to be pooled were first collected into a 
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common plastic bag, and then immediately homogenized by gently massaging the bag contents 
to break up large aggregates and passing the soils through a 4 mm sieve. We refrigerated soils at 
4°C soon after collection and processed soils for analysis (described below) within 48 hours. 

Bulk Density and Texture 
 We collected separate soil cores for bulk density analysis during late January 2017 block-
level sampling. At each block, we collected one soil core (5 cm diameter x 10 cm deep) for bulk 
density analysis. We carefully scraped off soil from the bottom of the core to ensure that the 
exact volume of the core was collected. In the lab, we sieved soil cores to 4 mm and used a water 
displacement method to measure the volume of the removed rocks and roots. The total volume of 
soil was volumecore –volumerocks. The remaining soil was dried at 105°C for 72 hours and 
weighed. Bulk density was the dry mass of soil divided by the total volume. We determined soil 
texture on soils collected from every block using the hydrometer method (Gee and Bauder 1986), 
abbreviated with readings at 40 s and 2 h.  

 
Total Soil C and N 

Total soil carbon (TC) and nitrogen (TN) were determined from air-dried soils. First, we 
tested soils for the presence of inorganic C. We ground soil samples and moistened with one 
drop deionized water. We added one drop of 4M HCl. As there was no fizzing or effervescence, 
we determined that no significant inorganic C was present. Thus, TC is an appropriate measure 
of organic C. We determined TC and TN on a Flash 2000 Elemental Analyzer (Thermo 
Scientific, Germany). We analyzed duplicate samples and repeated the analysis of soils for 
which duplicates differed by more than 10%. We performed this analysis on soils collected from 
every plot at pre-treatment (March 2017) and post-treatment (May 2018) times. Although the 
pre-treatment date was actually shortly after exclosure installation, this was the earliest point at 
which plot-level soils were collected and thus the best indication of pre-treatment conditions 
available. Post-treatment soils were analyzed at the end of two growing seasons in May 2018. 
 
Soil Mineral N and Mineralization Rates 

We extracted soils in 2M KCl for analysis of mineral N: ammonium (NH4+) and nitrate 
(NO3-). We mixed 10.0 g soil samples with 40 ml of 2M KCl in an acid-washed 50 ml centrifuge 
tube. Samples were shaken for 1 hour at 200 RPM. The soil slurry was then gravity filtered 
through KCl soaked Whatman #1 filters and acid-washed funnels into separate new clean 
centrifuge tubes. Samples were stored at -20°C until analysis.Soil gravimetric percent water was 
determined for every collected soil. We measured 10.0 g subsamples into metal tins and dried the 
soils at 105°C for 24h hours and then weighed the dry soil. Soil gravimetric water content was 
calculated as: (masswet – massdry)/massdry. 

We determined the rate of soil net N mineralization and nitrification using a laboratory 
dark incubation. This setup was combined with a soil C mineralization (respiration) incubation 
described below. After measuring soil subsamples for mineral N at collection (above), soils were 
incubated in 495 ml glass mason jars. A subsample of approximately 30 g of wet soil was packed 
into a tared 30 ml medicine cup and weighed. The medicine cup was placed carefully into the 
base of the jar, which was sealed and allowed to incubate in the dark for one week. After the 7 
days, we removed each incubated soil sample from its jar, mixed it thoroughly, then measured 
out a 10.0 g subsample for a 2M KCl extraction. This subsample was extracted using the same 
procedure described above. The resulting extract samples were analyzed for NH-+ and NO-- 
concentrations using Lachat Flow Injection Analyzer or the microplate method (Wu et al. 2016). 
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Carbon Mineralization (Respiration) 
 During the most active months of the second year of soil collection (March-May 2018), 
We used the soil mineral N incubations to also collect data on soil respiration over a 48 h period. 
Samples were collected in plastic syringes with O-ring seals and medical grade stopcocks. We 
took three initial 5 ml samples from ambient air above the jars prior to sealing them with gas-
tight lids fitted with septa (T1). After a 48 h dark incubation, we injected 5 ml of CO2-free air 
into each jar, pumped the syringe slowly to mix the headspace, and then withdrew a 5 ml sample 
for analysis (T2). Samples were analyzed on an FoxBox IRMS Flow Analyzer. We calculated the 
total headspace carbon at T1 and T2, adjusting for the temperature and pressure in the jars, and 
the small dilution from injecting CO2-free air at T2. We calculated respiration as (T2 - T1) / T 
(days). Data are reported as µgCO2-C/g dry soil/d. 
 
Statistical Analysis 

We fit all models in R (R Core Team 2018) with the package lme4 (Bates et al. 2015), 
using a restricted maximum likelihood estimation procedure (REML) and performed a Type III 
ANOVA analysis using the lmerTest package (Kuznetsova et al. 2017). Planned contrasts on the 
model were made using the emmeans package (Lenth 2018). We fit a linear mixed-effect model 
to evaluate the main and interactive effects of Treatment (Trt) and Date on all measured 
variables in the experiment, with a random intercept from Site, Block, and Plot. The effects of 
treatments on each group at each date were determined by a priori planned contrasts of estimated 
marginal means, with no p-penalization procedure (Day and Quinn 1989). We considered p < 0.1 
as the threshold for a significant effect, a typical threshold for marginal significance that avoids 
unnecessary risk of Type II error in ecological models with relatively low samples size (Hurlbert 
and Lombardi 2009). We describe below additional details regarding analyses of specific 
response variables. 
 
Half-Cage Control 
 Two half-cages were excluded from the analysis due to emergent non-Adenostoma 
shrubs, leaving 10 replicate blocks across 4 sites. Using a linear mixed-effects models, we 
assessed the effect of Exclosure (half-cage vs. open control) and random Site, Block, and Plot on 
total herbs and 7 functional groups. There was no difference between open and half-cage 
controls at the conclusion of the 2017 growing season for any of the herb functional groups 
tested; therefore, we stopped maintaining half-cage controls after 2017 and dropped them from 
all subsequent data collection and analysis. 
 
Effect of Herbivore Exclosures 

After excluding half-cage plots, we fit a linear mixed-effect model to evaluate the main 
and interactive effects of Exclosure (Exc) and Date on all measured variables in the experiment. 
The response variables (Y) for vegetation sampling were square-root-transformed biomass for 
total herbs and functional groups N-fixers and non-N-fixers. These groups were further divided 
into subgroups based on life-history (annual vs. perennial) and origin (native vs. non-native). 
Response variables for soil were gravimetric percent water, total C, total N, C:N ratio, 
ammonium-N, nitrate-N, or total mineral N, and carbon mineralization (respiration). This chapter 
addresses the impact of herbivore exclosures across all sites, regardless of the date burning took 
place at each site (spring or fall prescribed fire). 
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Herb Removal 
 The removal of select herb functional groups provided a de facto test of competition 
between N-fixing and non-N-fixing herbs. To test the impact of competitor removal on each 
functional group, we compared only the relevant treatments (e.g. non-N-fixer biomass in all-herb 
vs. non-N-fixer plots, to test the impact of N-fixer removal on non-N-fixers). Total herb biomass 
was analyzed in a model including only treatments with herbs (i.e. not including full-removal 
plots). Ammonium-N, NO3--N, net N mineralization, and nitrification were measured during four 
months of the growing season each year (March-June 2017 and February-May 2018). For these 
measurements, values were pooled into early- and late-season two-month increments of Date for 
statistical analysis. The other response variables of gravimetric moisture content, TC, TN, and C 
mineralization (heterotrophic respiration) were also analyzed. 

 

4. Results and Discussion 
Herbivore Vegetation Effects (Grassland Invasion) 

We hypothesized that the exclusion of herbivores would impact the abundance and 
composition of post-fire herbs: due to high available soil N after fire, mammalian herbivores 
would not preferentially consume N-fixers. We found that herbivores did reduce total, N-fixer, 
and non-N-fixer herb biomass, particularly in year two (Figure 4A-C), with no evidence of the 
disproportionate consumption of N-fixers. The fraction of N-fixer biomass was the same 
between treatments and years (Figure 4L). Herbivore consumption was concentrated on two key 
functional groups: annual species of non-native non-N-fixers and native N-fixers.  

The most abundant herb group, non-native non-N-fixing annuals, was also most reduced 
by herbivory (Figure 4G) and also increased in absolute and relative abundance from years one 
and two  (P < 0.001). The species most enhanced in herbivore exclosures were the common 
invasive grasses Bromus diandrus, Bromus madritensis ssp. rubens, Festuca myuros, and 
Gastridium phleoides, along with common invasive forbs Centaurea melitensis and Torilis 
arvensis. Among the non-N-fixers, native annuals actually decreased between 2017 and 2018 (P 
< 0.1, Figure 4I); fire followers Emmenanthe penduliflora and Gilia capitata were abundant in 
2017 and almost totally disappeared by 2018. 

Native annual N-fixers, almost exclusively Acmison brachycarpus and Acmispon 
parviflorus, significantly increased in herbivore exclosures in 2018 only (Figure 4E). The one 
native perennial N-fixer (Acmispon glaber) was comparatively low in abundance but increased 
significantly in exclosures in 2018 (Figure 4F). The one non-native annual N-fixer (Trifolium 
hirtum) was not significantly affected by Year or Exclosure (Figure 4D). 

This study found herbivores impact herbaceous biomass, particularly in the second year 
after fire, in contradiction to the finding of others (e.g. Tyler 1995). The relatively small size of 
these burns (1-2 ha) could have allowed rapid recolonization by animals from nearby non-burned 
vegetation. We found no difference in Adenostoma fasciculatum shrub biomass between 
Exclosure treatments, in either year. This is consistent with a similar investigation at the same 
reserve (Potts et al. 2010), which found no Exclosure effect two years after fire; however, they 
did see an effect by year three. A wildfire in the summer of 2018 burned our experimental plots 
before third-year measurements would have been possible for comparison. 
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Historically, chaparral has been considered resistant to grassland invasion, despite its 
typical proximity to invasive grasslands, but vegetation type conversion is increasing (Park et al. 
2018). In this study, non-natives were abundant; we found non-natives representing over a third 
of the herbaceous biomass, consistent with a similar study in the same reserve, three years after 
prescribed fires (Potts and Stephens 2009). While the present study does demonstrate the role of 
mammalian herbivores in limiting the biomass of non-native grassland species, mammalian 
herbivory was not sufficient to stop the increase in non-natives in the years after fire (Figure 
4FG,M). 

 

 
Figure 4. Response of herb functional groups to herbivore exclosures. A-C: Broad functional groups; D-F: N-fixer 
subgroups, G-J: Non-N-fixer subgroups. Error bars represent S.E.M. *significant effect of exclosure (P ≤0.10) in 
planned contrasts of treatment within year. 
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Figure 5. Soil mineral N pools and mineralization rates throughout the course of the experiment. Error bars represent 
S.E.M. *Significant effect of exclosure (p ≤0.10) in planned contrasts of treatment within date. 
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Herbivore Effects on N and C Cycling  
Overall, the exclusion of small- and medium-sized mammalian herbivores resulted in 

changes to herbaceous vegetation assemblages that did not translate to detectable changes in soil 
N or C cycling. We hypothesized that herbivores would accelerate N cycling due to relatively 
high N-availability after fire. There was no effect of Exclosure on any mineral N pool, N 
mineralization rate, or C mineralization rate (Figure 5, 6). There was also no Exclosure 
treatment effect on total soil C and N at pre- or post-treatment sampling. Soil respiration varied 
with date and soil moisture, but not by herbivore treatment (Figure 6). 

Classical theories predict that herbivores impact soil N cycling through changes in 
resource inputs: the addition of dung/urine and changes to plant litter composition (Ritchie et al. 
1998, Schrama et al. 2013b). Indeed, plant litter quality is the primary determinant of the soil net 
N mineralization rate (Parton et al. 2007); mammal dung/urine can add substantial C and N and 
could be a major source of soil enrichment (Clark et al. 2005). In this experiment however, 
herbivores decreased the total abundance of herbs, but not the balance between N-fixers and non-
N-fixers: the fraction of total herbs that were N-fixing was unaffected by Exclosure treatment or 
Year. In a laboratory litter-soil incubation, Rossignol et al. (2011) demonstrated that litter from 
plants selected by herbivores did accelerate N cycling, while the litter from plants selected 
against slowed it. However, natural plant composition never reached these extremes. Likewise, 
we found no effect of Exclosure or Date on the relative biomass of N-fixers. The overall quality 
(C:N ratio) of plant litter may have not shifted enough to impact N cycling, even if the 
abundance of litter did. 

 The physical (non-consumptive) effects of herbivores can impact N cycling (Schrama et 
al. 2013b), potentially counteracting the effects of changing litter supply. Larger herbivores, like 
deer, can compact soil, leading to lower soil moisture, decreased rates of N cycling (Schrama et 
al. 2013a), and losses of soil C and N (Gass and Binkley 2011). Although it was not explicitly 
measured in this experiment, it is possible that herbivore trampling exerted a physical effect that 
counteracted the increases in N cycling potentially caused by dung/urine inputs. 

 
 
Herb-Removal: Functional Group Interactions 

 At the end of the first growing season, there was no significant difference in the total 
biomass in any treatment where herbs were allowed to grow, i.e. excluding the removal (all herbs 
vs. N-fixers, P = 0.333; all herbs vs. non-N-fixers, P = 0.388; N-fixers vs. non-N-fixers, P = 
0.915). By the end of the second year, all herb removal treatments were significantly different in 
biomass, in descending order from all-herb, to non-N-fixer only, to N-fixer only plots (p < 0.05, 
Figure 7A-B).  

The removal of select herb functional groups provided a test of competition and 
facilitation between N-fixing and non-N-fixing herbs. We hypothesized that N-fixers would be 
competitively suppressed by the presence of non-N-fixing herbs. In both years of sampling, N-
fixers grew to nearly double the abundance when non-N-fixing competitors were removed, 
implying that their growth was limited by competition with non-N-fixers (Figure 7C,D). N-
fixers are predicted to be poor competitors in an environment with high available N, such as 
post-fire chaparral, where the ability to fix N is less advantageous (Vitousek et al. 2002). 
Symbiotic N fixation is costly for host plants, in terms of energy, C, and mineral resources 
(Gutschick 1981, Vitousek and Howarth 1991), and there is a cost of N-fixation ability even 
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when the plant symbiont is a facultative N-fixer (Menge et al. 2009). On the other hand, non-N-
fixer abundance was unaffected by N-fixer removal, implying that the former was neither 
competitively inhibited or facilitated by the latter. Non-N-fixers can facilitate non-N-fixers 
through the addition of low C:N litter (Maron and Connors 1996, Menge et al. 2008) and exudate 
from their roots (Paynel et al. 2008), which may ultimately competitively inhibit the N-fixers 
themselves. It is possible that in the high-N post-fire environment, non-N-fixers are not N-
limited enough to be facilitated by N-fixers. By the end of year two, when available soil N was 
lower, there was a slight trend of increased non-N-fixers where N-fixers were present (Figure 
7D). Perhaps in an additional year of sampling this trend might have continued, showing 
facilitation of N-fixers for non-fixers later in succession.  
 

 

Figure 6. (A) Monthly soil respiration in the second growing season post-fire and (B) soil respiration as a function of 
gravimetric percent moisture. Error bars represent S.E.M. 
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Figure 7. Herb biomass by functional group at each herb manipulation treatment. The x-axis indicates the groups of 
herbs that were allowed to grow (i.e. not removed). Herbs were measured at peak biomass (June 2017 and late May 
2018). Error bars represent S.E.M. Significance levels are described in the results. 

 

Herb-Removal: Effect on N and C Cycling 

 
Drivers of N cycling 

Overall, we propose that patterns in NH4+ and NO3- concentrations in year one were 
determined by the deposition of NH4+ after fire, influenced heavily by N rhizodeposition from N-
fixers, herb uptake from soil, and leaching. In year two, mineral N concentrations were likely 
additionally influenced by the quality and chemical composition of decaying litter, as well as 
plant uptake and continued N rhizodeposition.  

Nitrification, the conversion of soil NH4+ to NO3-, is a key driver of N loss after fire, and 
that appears to be the case in this experiment. Ammonium is initially deposited on soils via ash 
after fire (Christensen 1973) and rapidly lost through plant and microbial uptake, oxidation 
(nitrification) to NO3- and leaching (Christensen 1973). Across all treatments, NH4+-N was 
initially high and gradually decreased over the course of the experiment (Figure 10A-B).  Across 
all time points and treatments, nitrification was correlated with NH4+ and net N mineralization, 
suggesting that mineralized N, as well as NH4+ deposited with ash, was quickly nitrified to NO3-. 
Gross rates of nitrification could have been much higher (Stark and Hart 1997, Verchot et al. 
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2001), potentially masking temporary NO3- pools that could lead to undetected N ‘leaking’ 
through leaching and denitrification, which were not measured here.  

Net N mineralization and nitrification rates are heavily influenced by the quality of 
existing organic matter (Robertson and Groffman 2007). These plots had similar starting 
conditions and plant litter impacts by the first season were minimal. Thus, it is predictable that 
first-year mineralization rates did not differ between treatments. Treatment differences 
(discussed below) in net N mineralization and nitrification rates didn’t occur until the second 
year, suggesting the influence of plant litter from the first year (Figure 10E-H). 
 
No-herb plots 

The effect of full-removal of herbs was substantial by the end of the experiment, with no-
herbs plots 31% lower in C and 22% lower in N than all-herb plots (Figure 8). Soil respiration in 
year two (C mineralization) was also lower in no-herb plot than in any of the others (Figure 9), 
reflecting both decreased soil C and decreased microbial activity (Plante and Parton 2007). 
Pattern in N mineralization and N mineral pools suggest key mechanism for N losses: leaching 
due to lack of N uptake and lack of inputs from decomposing plant litter.  

At the end of both growing seasons, no-herb plots had the highest concentrations of total 
mineral N of all treatments, especially in NO3- (Figure 10A-D). In fact, over the course of 2017, 
NO3- steadily increased in bare plots, while decreasing or holding steady in all others. It is likely 
that NO3- and NH4+ accumulated in bare plots due to a lack of herb uptake. The decreasing 
precipitation at the end of the growing season might have contributed to the accumulation of 
NO3-, by preventing NO3- losses due to leaching, runoff, or dentrification, all N export processes 
that depend on rainfall (Valeron and Meixner 2010, Homyak et al. 2014). Plots with herbs would 
have continued to immobilize NO3- through plant uptake even as rains stopped, and these all had 
significantly lower NO3- than bare no-herb plots. Furthermore, clay soils such as those found at 
this site typically have lower rates of NO3- leaching (longer soil residence time) then other soil 
types (Vinten et al. 1994) supporting the idea that NO3- not absorbed by plants would be 
detectable at the end of a growing season. 

Curiously, N mineralization and nitrification were elevated in no-herb plots in the second 
year, despite a lack of herb litter inputs from the first year (Figure 10E-H). With no new litter 
inputs to the bare plots in 2017, the resident soil organic matter could have decomposed, leading 
to a decreased C:N ratio and accelerating net N mineralization. It is possible that plants 
(particularly non-N-fixers) were leaching a secondary compound that inhibited net N 
mineralization. High soil temperatures on bare soils could be primed microbes responsible for 
this activity. Regardless of the mechanism for this effect, rapid mineralization and nitrification 
likely accelerated losses in organic N in bare plots. 
 
Herb-plots 
 At the end of the experiment, N-fixer and non-N-fixer plots had TC, TN, and soil 
respiration levels between no-herb and all herb plots, reflecting trends in total herb biomass. 
 N-fixer plots had elevated NH4+ concentrations from the end of the first year and onward 
(Figure 10A-B). This elevated soil NH4+, not accompanied by elevated mineralization rates, was 
proably the result of direct NH4+ rhizodeposition (Fustec et al. 2010) from the root nodules of 
abundant legumes. Although all-herb plots also contained N-fixers, albeit at lower abundance, 
they had the lowest mineral N levels in the first year. This could reflect the direct transfer of 
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rhizodeposited NH4+ from N-fixers to non-N-fixers, which has been demonstrated in other 
systems (Paynel et al. 2008). 
 While all treatment were similar in net N mineralization and nitrification in the first year, 
N-fixer plots were elevated in both by the second year (Figure 10E-H). These second-year plots 
contained the litter of the previous year’s growth. N-fixers generally have higher tissue N content 
(lower C:N ratio) than non-N-fixers (Wright et al. 2004, Scherer‐Lorenzen 2008), which can 
promote rapid net N mineralization rates (Robertson and Groffman 2007). We hypothesized that 
the elevated mineralization rates in N-fixer plots were a function of the low C:N ratio of litter.  

Interestingly, the presence of N-fixers was not sufficient to increase mineralization rates 
when non-N-fixers were present. Even though N-fixers were present in all-herbs plots, rates of 
net N mineralization were indistinguishable between plots with all herbs or non-N-fixers alone. 
The common factor between these plots is the presence of high C:N litter. The abundance and 
low-quality of non-N-fixer litter may more strongly determine net N mineralization rates than the 
presence of low C:N litter does. It could also be that the presence of non-N-fixers suppressed N 
mineralization rates through the leaching of a plant secondary metabolite. Several groups of plant 
compounds have been demonstrated to slow decomposition, net N mineralization, and 
nitrification (Chomel et al. 2016). 

 
 

 
Figure 8. Bulk Soil C and N. Lowercase letters indicate significantly different means (p < 0.10) averaged over the 
three months of sampling. Error bars represent S.E.M. 
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Figure 9. Soil respiration over the three months of the 2018 growing season. Lowercase letters indicate significantly 
different means (p < 0.10) averaged over the three months of sampling. Error bars represent S.E.M. 
 

 

 

5. Key Findings and Implications for Management and Future Research 
 

In post-fire chaparral, the exclusion of herbivores resulted in an increase in herb biomass 
but did not result in a dramatic change in relative N-fixer composition or in monthly nutrient-
cycling measurements. Non-native invasive annual herbs were the most abundant functional 
group and the most heavily grazed by herbivores; this finding suggests mammalian herbivores 
may play a role in limiting grassland invasion of chaparral after fire, even though the 
consumption of non-native grassland species was not sufficient to prevent dominance by these 
species in post-fire herb assemblages. Investigations that connect patterns of herbivory to N and 
C cycling have shown varying and contradictory results. This experiment adds to the pool of 
findings that will contribute to an evolving predictive framework of herbivore impacts on 
nutrient cycling. 

In the herb-removal experiment, plots with no herbs growing after fire resulted in lower 
soil C and N than those with any type of herb cover, especially unmanipulated all-herb plots. In 
bare plots, there were also lower rates of C mineralization, but higher rates of N mineralization, 
potentially due to a shifting C:N ratio in soil organic matter or release from inhibition by plant 
secondary compounds. Plots with N-fixers only had higher N mineralization rates in year two, 
likely due to low C:N litter inputs from year one. However, while N-fixers drove higher rates of 
net N mineralization, this did not lead to greater N storage in soils than in the other herb 
treatments. The presence and identity of post-fire herb assemblages impacted soil C and N 
dynamics, even over the fairly short two-year time scale of this study. An assemblage of both N-
fixing and non-N-fixing herbs leads to the greatest accumulation of soil C and N; this elevated 
soil nutrient availability may contribute to the long-term recovery of shrubs even after herbs are 
no longer dominant. 
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Figure 10. Mineral N pools, N mineralization rates, and soil gravimetric moisture over the two years of sampling. 
Error bars represent S.E.M. Lowercase letters indicate groups with significantly different means (p < 0.10) or no 
difference between groups (ns). For N pools and minerization rates, dates are pooled into early and late season for 
significance testing. 
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Future research could assess the impact invasion itself on N and C cycling, which could 
not be determined from our methods. The majority of the non-N-fixing herb biomass we 
measured was from typical non-native grassland species. In another post-fire chaparral herb-
manipulation study, the presence of invasive grasses altered nutrient cycling, including 
increasing total soil C and N storage over plots with natives only (Dickens and Allen 2014). In 
coastal sage scrub, grassland invasion can increase N and C storage within two years (Wolkovich 
et al. 2010), similar to the findings in the present investigation. It would be helpful for managers 
to know if such gains in soil N retention and organic C could be achieved with native species 
instead of invasive grasses. 

This study provides a few key findings for managers. First, the natural suite of 
mammalian herbivores does provide some resistance to grassland invasion after fire, with very 
little impact to soil N and C cycling, although that resistance is not completely effective. Future 
investigation is needed to assess whether introducing grazers would achieve greater reduction of 
non-natives, while enhancing soil C and N storage and protecting natives. If so, post-fire grazing 
could be used to achieve multiple restoration and conservation goals in chaparral. Second, this 
study confirms the importance of a functionally-diverse assemblage of post-fire herbs for 
building soil organic matter. Many chaparral shrublands have a degraded native understory due 
to past land use practices. Managers may concern seeding with mixes of native N-fixing and 
non-N-fixing herbs, only after analyzing the postfire seedbank to confirm that it is in fact 
depleted. 

Understanding the key drivers of chaparral N and C cycling after fire will lead to 
management practices that preserve native vegetation and diversity while restoring soils. 
Restoring soils can have far reaching impacts, including preventing runoff pollution and 
reducing atmospheric carbon. 
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Appendix A: Contact Information for Key Project Personnel 
 
Principal Investigator: 
 
Wayne Sousa, Professor 
 
Department of Integrative Biology, University of California, Berkeley, #3160 
Berkeley, California 94720-3160; wpsousa@berkeley.edu; (510) 642-2435 
 
 
Student Investigator: 
 
Lindsey Hendricks-Franco 
 
Department of Integrative Biology, University of California, Berkeley, #3160 
Berkeley, California 94720-3160; lindsey.g.hendricks@berkeley.edu; 207-266-8215 
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Appendix B: List of Completed/Planned Projects 
 
Completed 
 
Conference presentations: 
*L. Hendricks-Franco, W.P. Sousa, S. Stephens. Controls of post-fire nitrogen cycling in  

California chaparral: mammalian herbivores and ephemeral herbs. Ecological Society of 
America Annual Meeting, 2018 (New Orleans, LA). (Poster) 

*L. Hendricks-Franco, W.P. Sousa, S. Stephens. Controls of post-fire nitrogen cycling in  
California chaparral: mammalian herbivores and ephemeral herbs. California Society for 
Ecological Restoration, 2018 (San Diego, CA). (Poster, winner of best student poster) 

 
Outreach Presentations: 
L. Hendricks-Franco. Chaparral Fire Ecology, CA Naturalist Program, 2019 (Berkeley, CA).  

(Invited Talk) 
L. Hendricks-Franco. Chaparral Fire Ecology, Mount Diablo Interpretive Association, 2018  

(Walnut Creek, CA). (Invited Talk) 
 
Field Tour: 
*L. Hendricks-Franco. Controls of post-fire nitrogen cycling in California chaparral: mammalian  

herbivores and ephemeral herbs. Post-fire Research Planning Symposium, 2018 (Hopland 
Research and Extension Center, CA). (Field Tour) 

 
Featured Press Articles: 
Johansson, Hannah. 2018. After a Fire, Fast-Growing Flowers Lock in a Long-Term Recovery.  

Bay Nature Magazine. 
White, Hazel. 2017. After fire, the role of rabbits and wildflowers. California Agriculture  

71(2):57.  
 
Dissertation: 
Hendricks, Lindsey Gayle. 2020. Post-fire succession of plants and soils in chaparral shrublands:  

the role of ephemeral herbs and mammalian herbivores. University of CA, Berkeley. 
 
In Progress 
 
Peer-Reviewed Articles: 
Hendricks-Franco, L.G., Stephens, S.L., Sousa, W.P. in review. Mammalian herbivores impact  

post-fire herb abundance but not soil N and C cycling. J. Plant Ecology. 
Hendricks-Franco, L.G., Stephens, S.L., Silver, W.L. Sousa, W.P. in prep. Manipulating herb- 

composition in post-fire chaparral impacts early successional soil N and C cycling. 
 
Research Brief: 
Hendricks-Franco, L.G., Sousa, W.P., Stephens, S.L. in prep. Impacts of mammalian  

herbivores and fire-following herbs on post-fire chaparral N and C cycling. Northern  
California Fire Science Consortium. 
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Appendix C: MetaData 
 

This project produced a dataset of soil N and C cycling measurements and vegetation 
surveys in post-fire chaparral. All measurements were conducted within the perimeter of 
prescribed fires conducted on April 21 and October 23, 2016. Within these burns, two 
experimental manipulations were implemented: herbivore exclosure (3 x 4 m plots) and selective 
herb removal (2 x 3 m plots). Soil data were collected monthly in the growing season (February 
through June 2017, 2018) and vegetation was sampled once per year at peak biomass (June 2017 
and May 2018). Vegetation was sampled using the point-intercept method with a 0.25-m2 
quadrat pin-frame sampler. Functional cover and standing dry biomass were calculated from the 
frequency of point intercepts. Upon publication of these results, which are already in review, 
data will be uploaded to the Forest Service Archive and the NSF Dryad Data Repository. The 
metadata file has been uploaded to the JFSP portal. 
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