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Abstract.   Climate change models predict that interannual rainfall variability will increase in 
California over the next several decades; these changes will likely influence how frequently 
California ecosystems burn and how they respond to fire. Fires uncouple N mobilization from 
uptake by destroying plant biomass and increasing nitrification. Following fire, autumn and 
winter rains can leach N into streams from slopes that have been denuded. The amount of N 
exported depends on how rapidly soil microbes metabolize it into mobile forms such as NO

−

3
 , and 

the rate that recovering plants take up available N. However, the long-term effects of a changing 
climate on postfire N dynamics remain unknown. We used the ecohydrologic model RHESSys 
(regional hydro-ecologic simulation system) to evaluate how interannual climate variability may 
affect the magnitude of N mineralization, nitrification, N export, and plant recovery following 
fire. N export was highest when fire was followed by drought; even though there was less water 
moving through the system, dry conditions prolonged the period during which N mobilization 
was decoupled from plant uptake. We also found that the effects of drought on N export were 
magnified in stands dominated by obligate seeders, which initially recovered more slowly than 
resprouters. These findings suggest that climate may regulate N balance most powerfully by 
influencing how quickly plants “turn on” and begin to immobilize N.
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Introduction

Wildfires are a major pathway for nitrogen (N) export 
from terrestrial to aquatic ecosystems. This pathway is 
especially prevalent in Mediterranean-type ecosystems 
such as California chaparral, where cool wet winters 
support rapid shrub growth but are followed by extended 
summer droughts that promote recurrent fires (Meixner 
et al. 2006). These ecosystems also typically occur in steep 
mountainous terrain where overland flow can move 
mobile elements downslope. Wildfires amplify seasonal 
N pulses to streams that occur at the onset of autumn rain 
by converting complex, insoluble, organic N into forms 
that readily dissolve or leach, and by destroying plant 
cover and suppressing microbial biomass that might oth-
erwise immobilize this newly available N. The size of the 
postfire N pulse, and the amount of N that is exported 
over time, can vary in response to climate conditions 
surrounding a fire event. While the immediate effects of 
fire and rain on N cycling and retention are straight-
forward to quantify, decadal-scale responses to climate 
variability are not, especially in semiarid ecosystems such 
as chaparral, where N dynamics are also driven by rainfall 

seasonality (Austin and Vitousek 1998, Homyak et  al. 
2014).

Fires denude chaparral landscapes, consuming most 
aboveground biomass and surface soil organic matter, 
and releasing some N to the atmosphere. At the same 
time, fires supply ash that is rich in ammonium (NH+

4
) 

and easily decomposable organic N (Marion et al. 1991, 
Bodí et  al. 2014). Decomposable N, combined with 
postfire pH increases, can enhance mineralization and 
nitrification during the first years of recovery (Hanan 
et al. 2016b). However, loose and exposed soils immedi-
ately after fire make burned slopes vulnerable to leaching 
and erosion (De Koff et al. 2006), especially at the onset 
of autumn rains before recovering plants and microbes 
gain access to available N (Hanan et al. 2016a). Severe 
fires can therefore promote substantial N leaching from 
chaparral (Mooney and Rundel 1979), and recur on 
average every 40–60 years in the Santa Barbara region 
(Moritz 2003).

N is also exported from chaparral on an annual basis, 
due to the seasonal nature of rainfall (Homyak et  al. 
2014). While most biological activity shuts down during 
the prolonged dry season in Mediterranean-type eco-
systems (Stark and Firestone 1995), some basal mineral-
ization still occurs, allowing NH+

4
 to accumulate in soil 

microsites that remain hydrologically disconnected 
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through the summer (Parker and Schimel 2011). Upon 
wet-up, NH+

4
 can then diffuse to nitrifiers, which respond 

within hours to rewetting (Placella and Firestone 2013). 
Thus, early autumn storms can generate a flush of nitrate 
(NO−

3
) to streams while plants are still relatively dormant 

(Mooney and Rundel 1979, James and Richards 2006, 
Homyak et  al. 2014). Because chaparral fires typically 
occur during summer (Keeley and Fotheringham 2001), 
they can magnify the early wet season N flush by further 
decoupling N mineralization from uptake. However, the 
amount of N that is exported during this period likely 
varies with climate and weather patterns surrounding a 
given fire. Rainfall can influence N export directly by 
driving postfire leaching and erosion, or indirectly by reg-
ulating fuel loads, fuel moisture, and, as a consequence, 
how much N fire can make readily available. Rainfall 
also regulates how quickly plants recover and take up 
mobilized N. These factors may feed back to influence 
long-term recovery trajectories; however the effects of 
climate patterns on postfire N dynamics are not well 
understood.

Chaparral ecosystems are often water-limited; the
refore hydrologic processes regulate biogeochemical 
cycling, and N balance may be sensitive to changes in 
water availability. While N may limit plant productivity 
during the growing season, water constrains growth 
during the dry season and when rainfall is low. Although 
total rainfall might not change substantially in southern 
California in the coming years, climate models project 
that precipitation will become more sporadic, with more 
dry days, and larger storms occurring during a shorter 
rainy season (Pierce et  al. 2012). Southern California 
already experiences strong rainfall seasonality; most 
storms correspond with extratropical cyclones that pass 
between October and May, and the majority of annual 
precipitation falls in just a few large events (Beighley 
et al. 2005). A shorter rainy season (with more runoff), 
and increasing temperatures (with higher evapotranspi-
ration [ET] rates) will likely reduce available water in 
chaparral.

In addition to the projected increase in rainfall season-
ality, interannual rainfall patterns are expected to become 
more variable over the next several decades, which may 
alter fuel characteristics and fire regimes in chaparral 
(Westerling et  al. 2006). For instance, woody biomass 
might accumulate over a series of wet years, promoting 
more severe fires during droughts (Swetnam and 
Betancourt 2010). Over time, changing climate may 
therefore intensify N export to streams, which could alter 
net primary productivity. To understand how seasonal 
precipitation and climate patterns regulate the effects of 
fire on N dynamics, it is necessary to assess not only the 
mechanisms controlling the immediate postfire N flush, 
but also the longer-term processes that correspond with 
ecosystem recovery.

Postfire N balance can vary depending on how fire 
alters the physical environment, as well as the rate and 
trajectory of plant recovery. Simulation modeling is a 

useful tool for linking patterns and processes that occur 
over different spatial and temporal scales, and for 
exploring the feedbacks that control N cycling and export 
as ecosystems recover. In semiarid regions, such as chap-
arral, modeling tools that incorporate interactions 
between vegetation and hydrology are critical because 
ET can account for more than 70% of annual water use 
(Poole et al. 1981), and because hydrology is a dominant 
control over microbial activity, nutrient dynamics, and 
NO−

3
 export (Miller et al. 2005).

We developed a modeling experiment to evaluate the 
role of precipitation patterns in shaping ecosystem 
responses to fire using the mechanistic ecohydrologic 
model RHESSys (Tague and Band 2004). RHESSys 
employs a hydrologic model that is fully coupled with a 
biogeochemical model, allowing it to account for feed-
backs among vegetation, hydrology, and soils over time 
in a watershed (Tague and Band 2004). RHESSys is 
therefore ideal for evaluating the effects of fire in semiarid 
systems because ecosystem processes in these systems are 
also tightly coupled with moisture conditions (Tague 
et al. 2004, 2009, Miller et al. 2005, Shields and Tague 
2012). We addressed the following questions: (1)How 
does interannual climate variability affect the magnitude 
of postfire N export? Specifically, does total export 
change when fires occur during years with average precip-
itation, during prolonged (multi-year) drought, or during 
climatic transitions (e.g., dry to wet, or wet to dry 
periods)? (2) Do the effects of precipitation patterns in 
the years before or after fire extend over time to influence 
decadal scale plant recovery and N dynamics?

Methods

Study site

We simulated stand-level climate–fire interactions in 
Rattlesnake Canyon, which is a 7-km2 subcatchment of 
the Mission Canyon watershed (31 km2), located in the 
Santa Ynez Mountains in southern California, USA 
(34°28′ N, −119°40′ E; Fig. 1). The Santa Ynez Mountains 
are located along the western boundary of the east-west 
trending Transverse Ranges. Climate in the region is 
Mediterranean, with cool wet winters and hot dry 
summers. Mean annual precipitation ranges from 
500  mm/yr at lower elevations to 850  mm/yr near the 
mountain tops, 80% of which typically falls between 
December and March (Beighley et al. 2005). Temperatures 
vary from 0°C in winter to 40°C in summer. Elevations in 
Rattlesnake Canyon range between 270 and 1262 m, and 
slopes are generally somewhere between 20% and 50%, 
though they can reach 100% in some areas. Soils in the 
region are rocky, nutrient-poor, sandy loams, classified 
as Typic Dystroxerepts from the Maymen series (NRCS 
2015), though soil characteristics vary with elevation. 
These soils are shallow, well-drained, acidic, and highly 
erodable (NRCS 2015). Infiltration capacity is generally 
high in chaparral, and therefore, most hydrologic 
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transport occurs through shallow subsurface flow. Two 
related empirical studies were conducted in Rattlesnake 
Canyon to evaluate the controls over N cycling and 
retention following a landscape fire that occurred in 2009 
(Hanan et al. 2016a, b). In this fire, burn severity was high 
across upland ecosystems, and low in riparian areas, 
which is typical of the crown-fire regime in chaparral.

Vegetation on the slopes of Rattlesnake canyon 
includes sclerophyllous evergreen shrubs, dominated by 
Ceanothus megacarpus (big pod ceanothus), Adenostoma 
fasciculatum (chamise), and Arctostaphylos spp. (man-
zanita). Heteromeles arbutifolia (Toyon), Cercocarpus 
betuloides (Mountain mahogany), and other mesic chap-
arral species are also present. These species are well 
adapted to severe crown fires. Following fire, chaparral 
shrubs employ three major reproductive and recovery 
strategies: (1) obligate seeders are killed by fire and rees-
tablish through seed germination cued by heat, smoke, or 
char (e.g., C.  megacarpus); (2) obligate resprouters 
survive fire and regrow from basal lignotubers (e.g., 
Rhamnus californica); (3) facultative resprouters can 
regenerate by a combination of both strategies (e.g., 
Adenostoma fasciculatum; Keeley et  al. 2005). Obligate 
seeders and facultative resprouters dominated the study 

area. Postfire herbs such as Calystegia macrostegia (coast 
morning glory), and suffrutescents (i.e., sub-shrubs) such 
as Acmispon glaber (deerweed) also establish rapidly after 
fire with the onset of autumn rain, and play an important 
role in nutrient retention and cycling during the early 
stages of recovery (Rundel and Parsons 1984, Hanan 
et al. 2016a). C. megacarpus and A. glaber are both sym-
biotic N-fixers and can increase ecosystem N-storage in 
both plant biomass and litter (Nilsen 1982). While 
ephemeral herbs dominate the immediate postfire land-
scape, sclerophyllous shrubs tend to recover closed 
canopies and displace herbaceous and suffrutescent veg-
etation within 10 years (Gray and Schlesinger 1981).

RHESSys model

RHESSys is a coupled ecohydrologic-biogeochemical 
model that has been run successfully in Mission Canyon 
and other chaparral-dominated watersheds in California 
to capture interactions among climate, soils, vegetation, 
and hydrology (Tague et al. 2004, 2009, Tague and Pohl-
Costello 2008, Shields and Tague 2012). RHESSys 
requires climate inputs in the form of temperature and 
precipitation, and then uses topographic data from 

Fig. 1.  Study site in the Santa Ynez Mountains in Santa Barbara County, California, USA. The Rattlesnake Canyon catchment 
is nested within the upper reach of the Mission Canyon watershed.
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digital elevation models to extrapolate spatial variation 
in these inputs as well as solar radiation over moun-
tainous terrain using the MTN-CLIM approach 
(accounting for orographic effects; Running et al. 1987, 
Tague and Band 2004). RHESSys models rainfall inter-
ception by plants, infiltration into the soil, evaporation, 
and transpiration (using a Penman-Monteith approach), 
and vertical drainage. Water fluxes interact with several 
vegetation and soil parameters to generate time series 
outputs of both hydrologic and biogeochemical dynamics. 
Tague and Band (2001, 2004) provide a detailed 
description of the hydrologic and ecophysiological algo-
rithms used to estimate each of these processes.

RHESSys considers multiple canopy layers by parti-
tioning sunlit and shaded leaves, and attenuating water 
and energy downward through the canopy (Tague and 
Band 2004). Photosynthesis is calculated using the 
Farquhar model (Farquhar and Von Caemmerer 1982), 
and net-photosynthate is allocated to leaves, stems, and 
roots for each vegetation layer using the Dickinson par-
titioning strategy, which accounts for changes in allo-
cation that occur as a plant matures (Dickinson et  al. 
1998). Because canopy layers compete for light, water, 
and nutrients, RHESSys can simulate the development of 
an herbaceous layer immediately after fire that declines in 
productivity as shrubs more slowly recover and intercept 
incoming solar radiation. Transpiration and photo
synthesis both respond to stomatal conductance in the 

model, which declines with soil water availability, thereby 
linking vegetation growth and productivity with climate 
and hydrology. An important component of this linkage 
is that plant access to water varies with root C, which 
varies with C assimilation. This allows us to distinguish 
between resprouters, which retain some root carbon after 
fire, and seeders, for which root carbon (and therefore 
access to water) must develop over time.

Decomposition routines are modified from BIOME- 
BGC and CENTURY-NGAS, which model litter and 
soil C and N dynamics at a daily time step as a set of pools 
and fluxes among those pools (Parton 1996, Tague and 
Band 2004, Nemani et al. 2005; Fig. 2). RHESSys repre-
sents these fluxes (e.g., decomposition, microbial 
turnover, mineralization, immobilization, etc.) as first-
order kinetics. To account for decelerating decompo-
sition rates over time, RHESSys divides litter and soil 
organic matter into four compartments each, based on 
their varying recalcitrance. Each compartment is charac-
terized by a unique decomposition rate constant, sub-
strate use efficiency (regulating the amount of carbon 
respired), and C:N ratio (determining the amount of 
nitrogen mineralized or immobilized at each time step). 
Microbes are considered part of the fast cycling SOM 
pool (soil 1; Fig. 2). Rates are further modified by tempe
rature and moisture.

Nitrification is calculated based on the CENTURY 
N-GAS model as a function of available substrate (i.e., 

Fig. 2.  Conceptual model for RHESSys (regional hydro-ecologic simulation system) N cycling: soil C and N dynamics are 
modeled at a daily time step as a set of pools and fluxes. As plants turn over, organic C and N are divided into four litter and four 
soil compartments, each regulated by unique substrate use efficiencies (regulating the amount of carbon respired), and C:N ratios 
(determining the amount of N mineralized or immobilized at each step). Litter pool 3 is considered shielded cellulose and does not 
decompose into soil 3. Two pools are used to represent inorganic N (NH

+

4
 and NO

−

3
). C and N budgets are calculated for each 

organic compartment, and N budgets are calculated for the NH
+

4
 and NO

−

3
 pools. A fraction of mineralized nitrogen is lost from 

the system as dissolved organic nitrogen (DON) at each stage N cycling.
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mineralized soil NH+

4
), soil temperature (T), and moisture 

(H2O; Parton 1996). Nitrate can then be taken up by 
plants or lost from the soil through flushing and denitri-
fication. Also, a fraction of mineralized N is lost as 
dissolved organic N (DON) at each step of N cycling.

Although RHESSys can be applied as a spatially dis-
tributed model, we used a single patch to represent a 
typical chaparral stand (i.e., aggregated landscape tessel-
lation strategy), in order to focus on the specific mecha-
nisms regulating interactions between climate and fire 
over time, while minimizing uncertainty associated with 
lateral redistribution of both moisture and N within the 
watershed. Using an aggregated model allows us to gen-
erate hypotheses about which mechanisms are most 
important in regulating stand-scale ecosystem responses 
to fire as climate continues to change. It also allows us to 
refine our understanding of those mechanisms, which can 
then be used to drive more realistic whole-watershed pre-
dictions of water and N-export under different fire 
regimes and climate scenarios. We present results from a 
biologically active soil layer for an upslope chaparral 
stand with a west-facing aspect and a relatively steep 
slope of 28.55°. Because aspect influences soil temper-
ature and moisture (Miller 2012) as well as rates of plant 
regeneration (Black 1987), we repeated our simulations 
for patches with north- and south-facing aspects. We use 
these patch-scale simulations to explore how in-situ N 
cycling, retention, and export respond to climate and fire. 
Because RHESSys was run with one patch, embedded 
within one hillslope, in one basin, N-export reflects 
N-leaching below the rooting zone and lateral transport 
out of the patch; thus potential N-contribution to the 
stream. However, some of this exported N might oth-
erwise be used by downslope vegetation, including 
riparian woody plants that occur in narrow corridors 
around streams, which typically do not burn.

Daily precipitation and temperature data were taken 
for water years 2001 to 2007 from a nearby National 
Climate Data Center (NCDC) monitoring site near the 
top of Rattlesnake Canyon (El Deseo; Fig. 1). Streamflow 
was recorded at Gauge no. RS02, monitored by the Santa 
Barbara Coastal Long Term Ecological Research 
Network (SBC-LTER; Fig.  1), and Chen et  al. (2016) 
used streamflow data to calibrate the soil parameters con-
trolling vertical and lateral flow rates in Rattlesnake 
Canyon. He also found that RHESSys estimates of 
basin-scale N export match well with rates measured by 
the SBC-LTER. RHESSys assigns soil and vegetation 
parameters according to soil and vegetation type; details 
describing this approach are provided by Tague et  al. 
(2004). Soil and vegetation parameters were assigned 
based on literature (Ackerly 2004, Vourlitis et al. 2007, 
Hanan et  al. 2016a) and existing spatial data layers 
(White et al. 2000, Tague et al. 2009). We initialized soil 
and plant C and N stores using a two-step spin up 
approach. First, we ran a 1000-yr spin up simulation to 
allow soil C and N pools to reach steady state. Then to 
initialize plant C and N (in leaves, stems, and roots), we 

reset existing pools to zero, and then ran a 50-yr spin up 
simulation. We generated climate data for these simula-
tions by repeating the available 7-yr meteorological 
record.

We ran paired simulations for stands dominated by 
obligate seeders and for stands dominated by resprouters. 
Vegetation parameters were identical in both sets of sim-
ulations (parameterized to represent typical sclerophy
llous evergreen shrubs) with one exception: resprouters 
allocated 5% of their annual assimilated C to below-
ground storage. Our representation of fire effects on 
biomass also differed between resprouters and reseeders 
(see details below). We incorporated an ephemeral herba-
ceous stratum that interacted with recovering shrubs in 
the immediate postfire landscape. This stratum was 
parameterized to generally represent short-lived per-
ennial herbs, using data for C.  macrostegia where 
available. We used N deposition rates of 0.05 g·m−2·yr−1 
for NH+

4
, and 0.15 g·m−2·yr−1 for NO−

3
 (Schlesinger et al. 

1982, Bytnerowicz and Fenn 1996). While these rates are 
low, they are appropriate in the Santa Ynez mountains, 
which are not downwind of major urban or agricultural 
areas (unlike many other chaparral ecosystems in 
southern California; Weiss 2006).

Fire

Chaparral typically burns under a crown fire regime 
(i.e., high severity across upland ecosystems), so to 
introduce fire in our simulations, we removed 98% and 
99.5% of all aboveground vegetation and litter C and N 
pools, respectively, corresponding to observations by 
Debano and Conrad (1978) following a severe wildfire 
in chaparral. For obligate seeders, we also removed root 
C and N as above, while, for resprouters, we removed 
25% of root C and 44% of root N to account for fire-
caused mortality that sometimes occurs (Keeley and 
Keeley 2000). To account for pH effects on nitrification 
following fire, we adjusted the nitrification process 
model in RHESSys to account for the effects of pH, 
such that

where the pH scalar on nitrification was calculated 
following Parton (1996) as

We created a pH time series using monthly field measure-
ments collected over two years in Rattlesnake Canyon 
following a large wildfire (Hanan et al. 2016a). Baseline 
pH values were set to 5.45. Finally, we added 2.1 g NH+

4
/

m2 to soil surfaces to represent ash inputs (Christensen 
and Muller 1975), and reduced vertical hydraulic conduc-
tivity from 1.0 to 0.1 to account for postfire hydropho-
bicity, with a logistic return to prefire levels over a period 
of four years (DeBano 2000).

(1)Nnitrified = f NH+

4
f T f H2O f pH

(2)pHscalar =
0.56+arctan(pi×0.45×(−5+pH) )

pi
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Simulations

To evaluate the effects of fire timing on nitrogen fluxes 
in chaparral, we ran 30 simulations: 15 for obligate 
seeders and 15 for resprouters. Each simulation spanned 
40 years and experienced a single fire during one of the 
middle 15 years of simulation, allowing us to compare the 
effects of fire under various climate scenarios. For each 
simulation we ran the model for at least 15 years, pre-
scribed a fire on 20 May 20 for one of the second 15 years 
of climate data (i.e., years 16–30), and then allowed the 
model to continue running for the duration of the 
timespan. Thus, each simulation encompassed at least 
15  years prefire and at least 15  years of recovery. We 
focused on the first decade of recovery because plant 
growth and N uptake decline within 10 years postfire as 
nutrients become immobilized in plant biomass (Black 
1987). The date 20 May was selected as the fire date to 
correspond with the timing of a large landscape fire that 
occurred in the region in 2009 (Hanan et al. 2016a). To 
generate our 45-yr climate sequence, we used 7  yr of 
climate data from the NCDC monitoring site near the top 
of Rattlesnake Canyon (water years 2001–2007; Table 1). 
Data were looped to generate the 45-yr time series. The 
2001–2007 climate sequence covered some very wet years 
(e.g., water year 2005), however total annual precipi-
tation can fall below 265 mm in Santa Barbara during 
extreme drought (Michaelsen et al. 1987), while our two 
driest years had 403 and 368 mm of rainfall (at El Deseo), 
respectively. Although these values do not represent the 
most extreme drought conditions, they are still relatively 
dry, especially when considering that these precipitation 
measurements were taken near the top of Rattlesnake 
Canyon, where there are strong orographic effects 
(Beighley et al. 2005).

To evaluate the impacts of climate, we classified each 
of the 15 simulated fire years as dry, intermediate, or wet, 
according to modeled ET using a mature chaparral stand 
(in the absence of fire), and years with intermediate ET 
were further subdivided according to rainfall (Fig.  3). 
Although real climate data only spanned 7 years (2001–
2007), these climate years were shuffled and looped to 
span the 15-year period during which fires were simu-
lated. Doing so provided different ET projections for 

each simulation year since ET is also a function of ante-
cedent conditions. Also, in semiarid areas, where rainfall 
is dominated by highly episodic, high-intensity events, 
water availability for plants is determined as much by the 
temporal distribution of rainfall as by total annual pre-
cipitation (Shields and Tague 2012). Using ET to classify 
climate conditions allowed us to integrate the effects of 
that year’s precipitation as well as antecedent conditions 
on water availability. When a given year followed a wet 
year, transpiration could be high even when total precip-
itation was low for that year (e.g., water year 2011). 
However, if rainfall in the wet year came in just a few 
large events (generating high runoff and promoting 
longer dry-down periods), ET might still be low the fol-
lowing year (e.g., water years 2009 and 2016). Water 
years 2009, 2016, and 2021 had the lowest simulated ET 
and were therefore considered dry; years 2008, 2010, and 
2015 were considered wet, and all other years were con-
sidered intermediate (Fig. 3).

To evaluate how more extreme climate variability 
might impact N dynamics, we restructured our climate 
sequences by looping the two driest years (based on 
rainfall) and the two wettest years (forming a 4-year 
sequence for each; Table  1). Using this restructured 
rainfall, we generated four climate sequences: (1) DFD, 
four years of drought, followed by fire, then four more 
years of drought; (2) DFW, four years of drought, fire, 
then four wet years; (3) WFW, four wet years, fire, then 
four more wet years; and (4) WFD, four wet years, fire, 
followed by four dry years. Each of these scenarios was 
embedded in the 45-yr climate sequence (outlined above) 
by replacing years 16–23 with our restructured rainfall 
data, and simulating fire in year 20. Although precipi-
tation patterns for much of the western United States are 
often strongly correlated from one year to the next (due 
to El Niño and La Niña cycles), this is not the case in 
Santa Barbara County where interannual rainfall 

Table 1.  Total precipitation for water years 2001–2007. 

Water year Total precipitation (mm)

2001‡ 1271.4
2002† 403.0
2003 994.6
2004 485.6
2005‡ 2306.9
2006 1134.2
2007† 368.0

Notes: The years 2001–2007 were looped to generate a 
45-year climate sequence (1991–2036). The years covered by real 
climate data are also listed.

† Two driest years used for restructured rainfall scenarios.
‡ Two wettest years used for restructured rainfall scenarios.

Fig.  3.  Annual precipitation and modeled evapotrans
piration (ET) for each of the years used to simulate fire. Values 
were modeled in the absence of fire. ET values were used to 
classify years as dry, intermediate, or wet. Years with inter
mediate ET were further subdivided according to precipitation.
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variability can be extremely high (Michaelsen et al. 1987). 
Therefore, it is reasonable to sample from the historical 
climate record to create example scenarios that may 
occur with climate change. Then to evaluate the effects of 
these example scenarios we modeled mineralization, 
nitrification, N leaching, and plant uptake. Because these 
simulations were parameterized for an idealized average 
patch, our results illustrate how fire timing can influence 
potential N-export from an average upland chaparral 
ecosystem.

Results

Leaf area index (LAI) is an indicator of growth and 
recovery, and is a critical variable in photosynthesis, res-
piration, transpiration, and rainfall interception. LAI 
tended to recover to its prefire state within 10 years for all 
RHESSys simulations regardless of rainfall although 
plants recovered slightly faster when fires occurred during 
wet years (Table 2). Model estimates are consistent with 
observations of the time it takes for chaparral to form a 
closed canopy (Keeley et al. 1981). In the first few years 
of recovery, shrub LAI recovered more slowly for 
obligate seeders than it did for resprouters, which is also 
consistent with field observations (Guo 2001). Slower 
shrub recovery allowed ephemeral herbs to grow more 
extensively and persist longer in stands dominated by 
seeders (Fig. 4a, b; Table 2).

Effects of current climate variability on postfire N flush

N cycling and export patterns were similar among sim-
ulations with north-, south-, and west-facing aspects, 
though the magnitude of N losses varied slightly among 
simulations; in simulations with a north-facing aspect, 
drought increased N export to a greater extent than it did 
in simulations with a south- or west-facing aspect. 
Because patterns were similar, however, we only show 
results from the neutral (west-facing) patch. RHESSys 
simulations captured seasonal NO−

3
 export to streams, 

though fluxes were low, which is consistent with observa-
tions by Riggan et  al. (1985) for relatively unpolluted 
chaparral watersheds. NO−

3
 export increased by several 

orders of magnitude after fire and returned to baseline 
conditions within the first few years of recovery (Fig. 5).

Postfire N balance varied between obligate seeders and 
resprouters; less N was nitrified over the recovery period 

in stands dominated by resprouters because more mineral 
N was taken up by recovering plants (Fig. 6). NO−

3
 pro-

duction and accumulation were higher for obligate 
seeders after fire due to initially slower plant recovery, 
which corresponded with higher rates of denitrification 
after fire.

To further explore the effects of climate variability on 
these fluxes, we evaluated cumulative nitrification, NO−

3
 

export, and N uptake for each of 15 climate–fire scenarios 
(Fig.  7). Nitrification rates were extremely low prefire, 
and then increased by several orders of magnitude imme-
diately after fire for all simulations; they were highest 
during the first two years of recovery, and then returned 
to prefire rates within three years (Fig. 7a, b), which is 
consistent with field observations (Hanan et al. 2016a). 
Postfire nitrification was almost doubled in stands domi-
nated by obligate seeders compared to resprouters. Also, 
for stands dominated by seeders, nitrification increased 
slightly more when fires occurred during dry years 
(Fig. 7a). For both plant types, the total amount of N 
nitrified over the postfire recovery period was generally 

Table 2.  Average number of years for leaf area index (LAI) 
to recover to its prefire condition (within 0.2) for dry, 
intermediate, and wet years; and for seeders vs. resprouters.

Moisture conditions 
(fire year)

Years to recover

Obligate seeders Resprouters

Dry 10 5
Intermediate 10 5
Wet 9 5

Fig. 4.  Precipitation and recovery of leaf area index (LAI) 
for both shrubs and ephemeral herbs averaged over all 
simulations for (a) obligate seeders and (b) resprouters. Annual 
fluctuations are due to seasonality of leaf production.
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larger when fires occurred during either drought or 
periods of high rainfall compared to when fires occurred 
during average years (Fig. 7a, b).

Cumulative NO−

3
 export varied more substantially with 

climate than nitrification; export was up to an order of 
magnitude higher when fire occurred during dry years (i.e., 
cumulative export was as low as 0.25 g/m2 in an average 
year, and as high as 1.9 g/m2 during drought; Fig. 7c, d). 
NO−

3
 export was generally low when fire occurred in wet 

years, and more variable during average years. Drought 
increased NO−

3
 export more intensely in stands dominated 

by obligate seeders than in stands dominated by resprouters 
(Fig. 7c, d). Recovering plants immobilized some of the 
NO−

3
 produced postfire, and plant growth varied most 

among simulations for resprouters (Fig. 6a, b).

Effects of more-extreme climate variability  
on postfire N flush

When precipitation patterns were restructured to sim-
ulate greater interannual rainfall variability, climate 
effects on recovery rates became more pronounced. 
When fire was followed by drought (i.e., DFD and WFD 
simulations), obligate seeders’ LAI recovered more 
slowly than when fire was followed by higher-than-usual 
rainfall (Table 3). For resprouters, on the other hand, the 
prefire conditions were more important in regulating 
postfire recovery: LAI recovered more slowly when fire 
was preceded by drought (i.e., DFD and DFW simula-
tions). Similar to simulations using current climate data, 
recovery rates were more rapid for resprouters than for 
obligate seeders, which allowed herbs to thrive over a 
longer period of time in stands where shrubs had to 
regrow from seeds than in stands where they resprouted 
(e.g., Fig. 8a, b; Table 3).

In extreme climate simulations, NO−

3
 production also 

became more divergent among simulations (Fig. 9a, b). 
Nitrate accumulated most in soils when fire was followed 
by drought: the DFD and WFD treatments both accu-
mulated more NO−

3
 than either treatment that was fol-

lowed by a wet period (DFW, WFW). The greatest NO−

3
 

accumulation, however, occurred in the middle of a 
drought (DFD simulations; Fig. 9a, b). Also, soil NO−

3
 

accumulated more, and over a longer period postfire, in 
WFD simulations when stands were dominated by 
obligate seeders (Fig. 9a, b).

NO−

3
 export also varied with climate; in DFD and 

WFD simulations, the initial flush lagged behind DFW 
and WFW simulations, but the amount exported was 
more substantial (Fig.  9c, d). DFD and WFD simula-
tions generated two separate NO−

3
 pulses when stands 

were dominated by obligate seeders (Fig. 9c), while only 
the DFD simulation generated a second pulse when 
stands were dominated by resprouters (Fig.  9d). The 
periodic turnover of postfire herbs (which were more 
prevalent in stands dominated by seeders) may have con-
tributed to the second NO−

3
 pulse observed in the DFD 

and WFD simulations.
When considering an entire decade of recovery, the 

total amount of N nitrified was larger when fire occurred 
during drought (or was followed by drought); total nitri-
fication was higher in DFD and DFW than in WFW and 
WFD simulations (Fig.  10a, b). Similarly, NO−

3
 export 

was higher in DFD and WFD simulations. The effect of 
postfire drought was stronger (i.e., export was greater) in 
stands dominated by obligate seeders than in stands dom-
inated by resprouters (Fig. 10c, d), because plant recovery 
(and therefore N uptake) was more rapid for resprouters 
(Fig. 8a, b).

Discussion

Potential N export was sensitive to the climate condi-
tions occurring in the first few years after fire, such that 

Fig. 5.  Example of N export over five years of simulation 
with a fire occurring on 20 May of the second year. N export 
includes NO

−

3
, NH

+

4
 and dissolved organic N (DON). Results 

are illustrated on a log scale.

Fig. 6.  Cumulative N fluxes after one year of recovery for 
all simulations for obligate seeders (white boxes) and resprouters 
(gray boxes). Boxplots show the upper and lower quartile for 
each variable, heavy lines inside each box are the mean values, 
upper and lower whiskers are the minimums and maximums for 
each variable (excluding outliers), and point are outliers.



84 Ecological Monographs 
 Vol. 87, No. 1ERIN J. HANAN ET AL.

cumulative N-export from an upland chaparral patch 
varied by more than an order of magnitude across climate 
sequences derived from historic data. Surprisingly, 
export was highest when fire was followed by drought; 
even though there was less water moving through the 
system, plant recovery and nutrient uptake were slower 

under drought. Dry conditions also prolonged the period 
during which N mineralization and nitrification were 
decoupled from plant uptake, which allowed mineral N 
to accumulate and be subsequently flushed from soils 
upon wetup. The effects of drought on N export were 
magnified in stands dominated by obligate seeders. 
Seeders have less biomass and a smaller root network 
than resprouters during the early stages of recovery, 
which make them more susceptible to dry conditions 
following fire.

Fires intensify N export by increasing mineral N supply 
(through ash deposition), by reducing plant and microbial 
demand for N, and by reducing plant demand for water 
and increasing water flux. Globally, N export generally 
increases with increasing precipitation (Gallo et al. 2015). 
Our model results illustrate how a combination of greater 
drought effects on plant uptake relative to drought effects 
on microbial processes, combined with sporadic high-
intensity rainfall, can lead to the higher N export fol-
lowing drought in Mediterranean environments. These 

Fig. 7.  Results from simulations using current climate data: (a) cumulative nitrification for each of the 15 simulations for stands 
dominated by obligate seeders, (b) cumulative nitrification for stands dominated by resprouters, (c) cumulative nitrate export for 
stands dominated by obligate seeders, and (d) cumulative nitrate export for stands dominated by resprouters. Each of the 15 
simulated fire years were classified as dry, intermediate, or wet, according to modeled ET, and years with intermediate ET were 
further subdivided according to precipitation (P).

Table  3.  Number of years for LAI to recover to its prefire 
condition (within 0.2) for each of the restructured rainfall 
scenarios; and for seeders vs. resprouters. 

Climate scenario

Time to recover (yr)

Obligate seeders Resprouters

DFD 11 7
WFD 11 5
DFW 9 7
WFW 9 6

Note: Climate scenarios are DFD, dry, fire, dry; DFW, dry, 
fire, wet; WFW, wet, fire, wet; WFD, wet, fire, dry.
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findings suggest that Mediterranean-type climate may 
regulate N balance most powerfully by influencing how 
quickly plants “turn on” and begin to take up N.

Previous field-based studies also suggest that chaparral 
and other semiarid ecosystems naturally leak N and that 
this occurs because soil microbes are generally less sen-
sitive than plants to low soil water potential and can 
metabolize N in hydrologically disconnected microsites 
when plants are still dormant or senescent (Jackson et al. 
1988, Austin 2002, Austin et al. 2004, Parker and Schimel 
2011). Although RHESSys does not explicitly model soil 
microsites with a patch, it does account for the empirical 
relationships between soil moisture and nitrification, 
hydraulic conductivity, and plant growth. Therefore, 
model results are consistent with this general under-
standing, and also show how the magnitude of these 
effects following fire is likely to vary with inter-annual 
climate variation and with plant functional type. In 
addition to elevated N export during drought, we found 
that NO−

3
 was also more vulnerable to leaching when fires 

occurred during wetter than average years because soil 
moisture increased nitrification rates relative to plant 

uptake. Thus N loss is greater during both extreme wet 
and extreme dry years (drought), although the impact of 
drought is much greater than the impact of increased 
rainfall in the postfire environment. These results suggest 
that projected increases in interannual climate variability 
may increase N loss in chaparral by enhancing nitrifi-
cation relative to plant uptake during wet years, or by 
decreasing uptake relative to nitrification during drought.

Effects of climate on postfire biogeochemical processes

RHESSys simulations suggest that when fires occur 
during relatively dry years, NO−

3
 accumulates to a greater 

extent than it does under other climate scenarios. This 
occurs because fires supply NH+

4
 in ash and reduce plant 

cover, which might otherwise take up soil mineral N 
(Fenn et al. 1993). Dry conditions then allow nitrification 
to proceed at low rates over prolonged periods of plant 
dormancy. Fires also consume litter and surface soil 
organic matter, thereby suppressing heterotrophic 
microbial activity and corresponding N immobilization 
(Hanan et  al. 2016a). Although RHESSys does not 
explicitly model microbial dynamics, heterotrophic 
microbes are considered part of the fast cycling SOM 
pool, which competes with plants and nitrifiers for NH+

4
. 

Therefore, RHESSys implicitly represents the reduced 
competition with heterotrophs and so allows NO−

3
 to 

accumulate after fire and during drought. In addition to 
promoting NO−

3
 accumulation, dry conditions sur-

rounding fire also allowed NH+

4
 to accumulate and 

rapidly nitrify in later storm events, which enhanced total 
nitrification over the simulation period (Fig. 7a, b). The 
amount of N ultimately exported each day depends on 
the mineral N content in soil, and how much of that N is 
taken up by plants. Plant N demand depends on photo-
synthesis requirements each day. Because vapor pressure 
deficit is zero on rainy days, net photosynthesis and ET 
are low. And because, plant growth and N uptake are 
limited by water availability, N can accumulate in the soil 
during drought, and be rapidly flushed upon wetup. 
However, some of the N that accumulates in soils may 
also be denitrified. Denitrification rates were higher when 
fires occurred in the wettest vs. driest years; though inter-
mediate years varied the most substantially (data not 
shown). Thus, elevated denitrification also helped con-
strain N leaching under the wettest conditions.

It is also worth noting that under current climate con-
ditions, wet environments during the time of fire ulti-
mately increased nitrification and NO−

3
 accumulation 

relative to moderate conditions (Fig. 7a, b). This occurred 
because soil moisture promoted nitrification, and though 
plant uptake was also enhanced in wet years, recovering 
plants were not able to immobilize all of the NO−

3
 pro-

duced. Hence, rainfall efficiently exported excess NO−

3
. 

While this mechanism increased NO−

3
 export in wet years 

(relative to moderate but not dry years), export was still 
dampened by the rapid growth of postfire herbs. Herbs 
such as C. macrostegia can rapidly take up ash-deposited 

Fig. 8.  Precipitation and recovery of leaf area index (LAI) 
for both shrubs and ephemeral herbs for DFW (dry, fire, wet) 
simulation: (a) obligate seeders, (b) resprouters.
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N, and gradually return it to the soil as they die back and 
decompose annually. Because herbs contain less lignin 
and other carbon-rich phenolic compounds such as 
tannins, their N-rich litter decomposes quickly and can 
release mineral N into the soil (Christensen and Muller 
1975, Schlesinger and Hasey 1981); rapid herb growth 
following fire can suppress immediate leaching losses, 
while supplying nutrients to shrubs over subsequent 
growing seasons as herbs die and decompose (Rundel 
and Parsons 1984).

In extreme climate simulations there was greater total 
N export when fires were followed by drought than when 
fires were followed by heavier rainfall (Fig. 7c, d). Even 
under extreme conditions, rates of N export appear to be 
driven more by how much N is available to be leached 
than by the amount of water available to leach it. This 
reinforces the importance of plant uptake in constraining 
the amount of N available to be leached in these infertile 
soils (McMaster et al. 1982). For example, in the DFD 

simulation, more NH+

4
 accumulated before fire, contrib-

uting to a larger postfire N flush and greater export. 
Heavy autumn/winter precipitation in WFW and DFW 
simulations on the other hand helped recovering plants 
take up mineral N and grow more quickly, thereby 
reducing leaching.

Species differences in postfire plant recovery and N 
uptake

Net primary productivity and N uptake can vary with 
life history strategy. For example, resprouting requires 
resources (especially C) to be allocated to belowground 
lignotubers that might otherwise be allocated to leaves 
and photosynthetic machinery (Pratt et al. 2012). While 
these physiological trade-offs may cause resprouters to 
grow more slowly than obligate seeders, resprouters can 
capture resources more rapidly after fire because their 
belowground C reserves support rapid shoot recovery 

Fig. 9.  Short-term results from simulations using repackaged climate data; DFD, dry, fire, dry; DFW, dry, fire, wet; WFW, wet, 
fire, wet; WFD, wet, fire, dry. (a) Nitrate accumulation for each of the four simulations for stands dominated by obligate seeders, 
(b) nitrate accumulation for stands dominated by resprouters, (c) nitrate export for stands dominated by obligate seeders, and (d) 
nitrate export for stands dominated by resprouters.
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and their existing root network can readily capture soil 
resources (Bond and Midgley 2001, Davis et al. 2002). In 
our model scenarios, when fire was followed by drought, 
resprouters recovered and immobilized N more quickly 
than obligate seeders (Table 3), even though seeders are 
well adapted to water stress (Pratt et al. 2008). This led to 
a larger and more prolonged NO−

3
 flush in DFD and 

WFD simulations for obligate seeders (Fig. 9c, d).
When fire was preceded by drought, on the other 

hand, resprouters recovered more slowly, suggesting 
that if conditions are unfavorable prior to burning, 
resprouting shrubs are likely to have smaller non-
structural carbohydrate pools and less root biomass, 
which can slow recovery. Recovery to prefire LAI was 
also slightly slower for resprouters when conditions both 
before and after fire were wetter than average (WFW 
relative to WFD simulations; Table 3). Although wet 
conditions prior to fire in this case helped sustain below-
ground resources, prolonged rainfall, cooler tempera-
tures, and increased cloudiness postfire slightly reduced 

net photosynthesis and ET. In addition to recovering 
shrubs, ephemeral herbs can help prevent postfire N loss 
(Hanan et  al. 2016a), however their growth is also 
sensitive to soil moisture, so like shrubs, herbs did not 
immobilize N as rapidly during drought.

The time lag between rainfall and plant response can 
vary with plant phenology (Baker et al. 1982), however 
for some chaparral shrubs (e.g., C.  megacarpus), phe-
nology is more connected to photoperiod than to moisture 
conditions (Gill and Mahall 1986), so the timing of 
rainfall can play an important role in the amount of N 
that is taken up or exported. In the current study, a 
delayed onset of rainfall in drought simulations meant 
that N was lost in winter when shrubs were not actively 
growing, which may have contributed to the enhanced 
NO−

3
 export we observed for both growth forms when fire 

was followed by drought. Nevertheless, the asynchrony 
between N mobilization and plant uptake clearly plays an 
important role in how much N is exported at the onset of 
autumn rain.

Fig. 10.  Longer-term (cumulative) results from simulations using restructured climate data; DFD, dry, fire, dry; DFW, dry, fire, 
wet; WFW, wet, fire, wet; WFD, wet, fire, dry. (a) Cumulative nitrification for each of the four simulations for stands dominated by 
obligate seeders, (b) cumulative nitrification for stands dominated by resprouters, (c) cumulative nitrate export for stands dominated 
by obligate seeders, and (d) cumulative nitrate export for stands dominated by resprouters.
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Longer term impacts

While clearly climate can generate large differences in 
biogeochemical fluxes over short timescales (0–3  years 
postfire) due to difference in postfire weather patterns 
and hydrology, we were also interested in whether the 
climate surrounding a fire event would influence recovery 
trajectories at decadal timescales, which is the time it 
takes for recovering shrubs to form a closed canopy. The 
strongest differences in N export occurred during the first 
2–3 years of recovery, which fixed varying patterns upon 
the simulated ecosystems. For example, cumulative NO−

3
 

export was up to an order of magnitude higher when fire 
occurred during drought than when fires occurred during 
average years (Fig. 7c, d). However, following the initial 
3 years of recovery there were few legacy effects (i.e., the 
patterns set up in the first three years persisted). These 
findings are consistent with streamflow observations in 
the region, which show that following an initial postfire 
flush, N export can rapidly return to baseline conditions 
(Coombs and Melack 2013, Verkaik et al. 2013). The role 
of climate in driving plant recovery and N immobili-
zation may be even more pronounced in watershed 
subject to high rates of N deposition, where N export can 
outstrip plant recovery and N uptake for prolonged 
periods following fire (Vourlitis and Hentz 2016).

Conclusions

Models are an essential tool for exploring future sce-
narios given the uncertainty associated with climate 
change (Loehman et  al. 2011). Using a coupled 
hydrological-biogeochemical model, we explored the dif-
ferential effects of moisture on postfire nutrient cycling, 
balancing changes in plant growth against changes in soil 
nutrient mobilization. Our patch-scale simulations char-
acterized potential N-export from an average upland 
chaparral ecosystem. We found that the extent of postfire 
nitrification and potential NO−

3
 export can differ by up to 

an order of magnitude with current climate variability. 
N-export can be further modified by spatial processes 
occurring at the catchment scale, including downslope 
consumption of mobile N, N-inputs from adjacent 
patches, and N-export from riparian areas.

At the ecosystem scale, our model results demonstrate 
how N-export may be greatest when fire is followed by 
drought in this Mediterranean climate region, because 
plant recovery is more sensitive than microbial processes 
are to drought. Results also suggest that the effects of 
drought are likely to be amplified in stands dominated by 
obligate seeders. Although climate patterns prior to fire 
can set the stage for recovery, particularly for resprouters 
by influencing root C, the first few years after fire are the 
most critical for defining plant regrowth and conse-
quently the magnitude of N losses. Our simulations 
project additional increases in N-export for more extreme 
(multi-year) drought scenarios. Further, because N loss 
can increase in chaparral during both relatively wet or 

dry years, our analysis suggests that projected increases 
interannual climate variability may generate a tipping 
point, where plants are no longer able to recover N that 
is lost due to export following fire.

Acknowledgments

Thank you to Janet Choate and Catherine Shields for data 
and instructions, and Xiaoli Chen for assistance with model 
calibration. Thanks also to Carla D’Antonio, Dar Roberts, and 
Paolo D’Odorico for discussions that improved the quality of 
our analysis and manuscript. We also thank the anonymous 
reviewers for their constructive comments. This project was 
supported by the National Science Foundation RAPID Grant 
(DEB-0952599), and the Santa Barbara Coastal Long-Term 
Ecological Research project (OCE-0620276 and OCE-1232779). 
It also benefited from collaborations made possible through a 
grant to support student collaborative exchange from the 
Integrated Network for Terrestrial Ecosystem Research on 
Feedbacks to the Atmosphere and ClimatE (INTERFACE).

Literature Cited

Ackerly, D. D. 2004. Adaptation, niche conservatism, and 
convergence: comparative studies of leaf evolution in the 
California chaparral. American Naturalist 163:654–671.

Austin, A. T. 2002. Differential effects of precipitation on 
production and decomposition along a rainfall gradient in 
Hawaii. Ecology 83:328–338.

Austin, A. T., and P. M. Vitousek. 1998. Nutrient dynamics on 
a precipitation gradient in Hawai’i. Oecologia 113:519–529.

Austin, A. T., L. Yahdjian, J. M. Stark, J. Belnap, A. Porporato, 
U. Norton, D. A. Ravetta, and S. M. Schaeffer. 2004. Water 
pulses and biogeochemical cycles in arid and semiarid ecosys-
tems. Oecologia 141:221–235.

Baker, G. A., P. W. Rundel, and D. J. Parsons. 1982. Com
parative phenology and growth in three chaparral shrubs. 
Botanical Gazette 143(1):94–100.

Beighley, R. E., T. Dunne, and J. M. Melack. 2005. Understanding 
and modeling basin hydrology: interpreting the hydrogeologi-
cal signature. Hydrological Processes 19:1333–1353.

Black, C. H. 1987. Biomass, nitrogen, and phosphorus accu
mulation over a southern California fire cycle chronose-
quence. Pages 445–458 in J. D. Tenhunen, F. M. Catarino, 
O.  L. Lange, and W. C. Oechel, editors. Plant responses 
to  stress: functional analysis in Mediterranean eco-systems. 
Springer-Verlag, Berlin, Germany.

Bodí, M. B., D. A. Martin, V. N. Balfour, C. Santín, S. H. 
Doerr, P. Pereira, A. Cerdà, and J. Mataix-Solera. 2014. 
Wildland fire ash: production, composition and eco-hydro-
geomorphic effects. Earth Science Reviews 130:103–127.

Bond, W. J., and J. J. Midgley. 2001. Ecology of sprouting in 
woody plants: the persistence niche. Trends in Ecology & 
Evolution 16:45–51.

Bytnerowicz, A., and M. E. Fenn. 1996. Nitrogen deposition in 
California forests: a review. Environmental Pollution 92: 
127–146.

Chen, X., C. L. Tague, J. M. Melack, and A. Keller. 2016. 
Comparisons of subsurface flow sub-models for hydrologic 
modeling of subsurface flow in semi-arid area. Unpublished 
manuscript.

Christensen, N. L., and C. H. Muller. 1975. Effects of fire on 
factors controlling plant growth in Adenostoma chaparral. 
Ecological Monographs 45:29–55.

Coombs, J. S., and J. M. Melack. 2013. Initial impacts of a wild-
fire on hydrology and suspended sediment and nutrient 



CLIMATE EFFECTS ON POSTFIRE N EXPORTFebruary 2017 89

export in California chaparral watersheds. Hydrological Pro
cesses 27:3842–3851.

Davis, S. D., F. W. Ewers, J. S. Sperry, K. A. Portwood, M. C. 
Crocker, and G. C. Adams. 2002. Shoot dieback during 
prolonged drought in Ceanothus (Rhamnaceae) chaparral of 
California: a possible case of hydraulic failure. American 
Journal of Botany 89:820–828.

De Koff, J. P., R. C. Graham, K. R. Hubbert, and P. M. 
Wohlgemuth. 2006. Prefire and postfire erosion of soil 
nutrients within a chaparral watershed. Soil Science 171: 
915–928.

DeBano, L. F. 2000. The role of fire and soil heating on water 
repellency in wildland environments: a review. Journal of 
Hydrology 231–232:195–206.

Debano, L. F., and C. E. Conrad. 1978. The effect of fire on 
nutrients in a chaparral ecosystem. Ecology 59:489–497.

Dickinson, R. E., M. Shaikh, R. Bryant, and L. Graumlich. 
1998. Interactive canopies for a climate model. Journal of 
Climate 11:2823–2836.

Farquhar, G. D., and S. Von Caemmerer. 1982. Modelling of 
photosynthetic response to environmental conditions. Pages 
549–587 in O. L. Lange, P. S. Nobel, C. B. Osmond, and H. 
Ziegler, editors. Physical plant ecology II. Water relations 
and carbon assimilation. Springer Verlag, Berlin, Germany.

Fenn, M. E., M. A. Poth, P. H. Dunn, and S. C. Barro. 1993. 
Microbial N and biomass, respiration and N mineralization 
in soils beneath two chaparral species along a fire-induced age 
gradient. Soil Biology & Biochemistry 25:457–466.

Gallo, E. L., T. Meixner, H. Aoubid, K. A. Lohse, and P. D. 
Brooks. 2015. Combined impact of catchment size, land 
cover, and precipitation on streamflow and total dissolved 
nitrogen: a global comparative analysis. Global Biogeo
chemical Cycles 29(7):1109–1121. 2015GB005154.

Gill, D. S., and B. E. Mahall. 1986. Quantitative phenology and 
water relations of an evergreen and a deciduous chaparral 
shrub. Ecological Monographs 56(2):127–143.

Gray, J. T., and W. H. Schlesinger. 1981. Nutrient cycling in 
mediterranean type ecosystems. Pages 259–285 in P. C. Miller, 
editor. Resource use by chaparral and matorral, ecological 
studies. Springer, New York, New York, USA.

Guo, Q. 2001. Early post-fire succession in California chapar-
ral: changes in diversity, density, cover and biomass. Eco
logical Research 16:471–485.

Hanan, E. J., C. M. D’Antonio, D. A. Roberts, and J. P. 
Schimel. 2016a. Factors regulating nitrogen retention during 
the early stages of recovery from fire in coastal chaparral eco-
systems. Ecosystems 19(5):910–926. doi:10.1007/s10021-016- 
9975-0

Hanan, E. J., J. P. Schimel, K. Dowdy, and C. M. D’Antonio. 
2016b. Effects of substrate supply, pH, and char on net nitro-
gen mineralization and nitrification along a wildfire-stru
ctured age gradient in chaparral. Soil Biology & Biochemistry 
95:87–99.

Homyak, P. M., J. O. Sickman, A. E. Miller, J. M. Melack, 
T.  Meixner, and J. P. Schimel. 2014. Assessing nitrogen-
saturation in a seasonally dry chaparral watershed: limita-
tions of traditional indicators of N-saturation. Ecosystems 
17:1286–1305.

Jackson, L. E., R. B. Strauss, M. K. Firestone, and J. W. 
Bartolome. 1988. Plant and soil nitrogen dynamics in 
California annual grassland. Plant and Soil 110:9–17.

James, J. J., and J. H. Richards. 2006. Plant nitrogen capture in 
pulse-driven systems: interactions between root responses 
and soil processes. Journal of Ecology 94:765–777.

Keeley, J. E., and C. J. Fotheringham. 2001. Historic fire regime 
in Southern California shrublands. Conservation Biology 
15:1536–1548.

Keeley, J. E., and S. C. Keeley. 1988. Chaparral. Pages 165–207 
in M. G. Barbour and W. D. Billings, editors. North 
American terrestrial vegetation. Cambridge University 
Press, New York, USA.

Keeley, S. C., J. E. Keeley, S. M. Hutchinson, and A. W. 
Johnson. 1981. Postfire succession of the herbaceous flora in 
Southern California chaparral. Ecology 62:1608–1621.

Keeley, J. E., C. J. Fotheringham, and M. Baer-Keeley. 2005. 
Determinants of postfire recovery and succession in 
Mediterranean-climate shrublands of California. Ecological 
Applications 15:1515–1534.

Loehman, R. A., J. A. Clark, and R. E. Keane. 2011. Modeling 
effects of climate change and fire management on western 
white pine (Pinus monticola) in the northern Rocky 
Mountains, USA. Forests 2:832–860.

Marion, G. M., J. M. Moreno, and W. C. Oechel. 1991. Fire 
severity, ash deposition, and clipping effects on soil nutri-
ents in chaparral. Soil Science Society of America Journal 
55:235.

McMaster, G. S., W. M. Jow, and J. Kummerow. 1982. 
Response of Adenostoma fasciculatum and Ceanothus greggii 
chaparral to nutrient additions. Journal of Ecology 70: 
745–756.

Meixner, T., M. E. Fenn, P. Wohlgemuth, M. Oxford, and 
P. Riggan. 2006. N saturation symptoms in chaparral catch-
ments are not reversed by prescribed fire. Environmental 
Science and Technology 40:2887–2894.

Michaelsen, J., L. Haston, and F. W. Davis. 1987. 400 years of 
central California precipitation variability reconstructed 
from tree-rings. JAWRA Journal of the American Water 
Resources Association 23:809–818.

Miller, P. C., editor. 1981. Resource use by chaparral and 
matorral. Springer-Verlag, New York, New York, USA. 
455 pp.

Miller, A. E., J. P. Schimel, T. Meixner, J. O. Sickman, and 
J. M. Melack. 2005. Episodic rewetting enhances carbon and 
nitrogen release from chaparral soils. Soil Biology & Bioche
mistry 37:2195–2204.

Mooney, H. A., and P. W. Rundel. 1979. Nutrient relations 
of  the evergreen shrub, Adenostoma fasciculatum, in the 
California chaparral. Botanical Gazette 140:109–113.

Moritz, M. A. 2003. Spatiotemporal analysis of controls on 
shrubland fire regimes: age dependency and fire hazard. 
Ecology 84:351–361.

Nilsen, E. T. 1981. Productivity and nutrient cycling in the early 
postburn Chaparral species Lotus scoparius. In Proceedings 
on the Symposium on Dynamics and Management of 
Mediterranean-Type Ecosystems. United States Department 
of Agriculture, San Diego, California, USA. 673 pp.

NRCS. 2015. Description of Gridded Soil Survey Geographic 
(gSSURGO) Database | NRCS . http://www.nrcs.usda.gov/
wps/portal/nrcs/detail/soils/home/?cid=NRCS142P2_053628

Parker, S. S., and J. P. Schimel. 2011. Soil nitrogen availability 
and transformations differ between the summer and the 
growing season in a California grassland. Applied Soil 
Ecology 48:185–192.

Parton, W. J. 1996. The CENTURY model. Pages 283–291 in 
D. S. Powlson, P. Smith, and J. U. Smith, editors. Evaluation 
of soil organic matter models, NATO ASI series. Springer, 
Berlin, Heidelberg, Germany.

Pierce, D. W., et  al. 2012. Probabilistic estimates of future 
changes in California temperature and precipitation using 
statistical and dynamical downscaling. Climate Dynamics 
40:839–856.

Placella, S. A., and M. K. Firestone. 2013. Transcriptional 
response of nitrifying communities to wetting of dry soil. 
Applied and Environment Microbiology 79:3294–3302.

https://doi.org/10.1007/s10021-016-9975-0
https://doi.org/10.1007/s10021-016-9975-0
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/home/?cid=NRCS142P2_053628
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/home/?cid=NRCS142P2_053628


90 Ecological Monographs 
 Vol. 87, No. 1ERIN J. HANAN ET AL.

Poole, D. K., S. W. Roberts, and P. C. Miller. 1981. Water uti-
lization. Pages 123–149 in P. C. Miller, editor. Resource use 
by chaparral and matorral, ecological studies. Springer, New 
York, New York, USA.

Pratt, R. B., A. L. Jacobsen, R. Mohla, F. W. Ewers, and S. D. 
Davis. 2008. Linkage between water stress tolerance and life 
history type in seedlings of nine chaparral species (Rham
naceae). Journal of Ecology 96:1252–1265.

Pratt, R. B., A. L. Jacobsen, J. Hernandez, F. W. Ewers, G. B. 
North, and S. D. Davis. 2012. Allocation tradeoffs among 
chaparral shrub seedlings with different life history types 
(Rhamnaceae). American Journal of Botany 99:1464–1476.

Riggan, P. J., R. N. Lockwood, and E. N. Lopez. 1985. 
Deposition and processing of airborne nitrogen pollutants in 
Mediterranean-type ecosystems of southern California. 
Environmental Science and Technology 19:781–789.

Rundel, P. W., and D. J. Parsons. 1984. Post-fire uptake of 
nutrients by diverse ephemeral herbs in chamise chaparral. 
Oecologia 61:285–288.

Running, S. W., R. R. Nemani, and R. D. Hungerford. 1987. 
Extrapolation of synoptic meteorological data in mountain-
ous terrain and its use for simulating forest evapotrans
piration and photosynthesis. Canadian Journal of Forest 
Research 17:472–483.

Schlesinger, W. H., J. T. Gray, and F. S. Gilliam. 1982. 
Atmospheric deposition processes and their importance as 
sources of nutrients in a chaparral ecosystem of southern 
California. Water Resources Research 18:623–629.

Schlesinger, W. H., and M. M. Hasey. 1981. Decomposition of 
chaparral shrub foliage: losses of organic and inorganic con-
stituents from deciduous and evergreen leaves. Ecology 
62(3):762–774.

Shields, C. A., and C. L. Tague. 2012. Assessing the role of 
parameter and input uncertainty in ecohydrologic modeling: 
implications for a semi-arid and urbanizing coastal California 
catchment. Ecosystems 15:775–791.

Stark, J. M., and M. K. Firestone. 1995. Mechanisms for soil 
moisture effects on activity of nitrifying bacteria. Applied and 
Environment Microbiology 61:218–221.

Swetnam, T. W., and J. L. Betancourt. 1998. Mesoscale dis
turbance and ecological response to decadal climatic vari
ability in the American Southwest. Journal of Climate 11: 
3128–3147.

Tague, C. L., and L. E. Band. 2001. Evaluating explicit and 
implicit routing for watershed hydro-ecological models of 

forest hydrology at the small catchment scale. Hydrological 
Processes 15:1415–1439.

Tague, C. L., and L. E. Band. 2004. RHESSys: regional hydro-
ecologic simulation system—an object-oriented approach to 
spatially distributed modeling of carbon, water, and nutrient 
cycling. Earth Interactions 8:1–42.

Tague, C., and M. Pohl-Costello. 2008. The potential utility of 
physically based hydrologic modeling in ungauged urban 
streams. Annals of the Association of American Geographers 
98:818–833.

Tague, C., C. McMichael, A. Hope, J. Choate, and R. Clark. 
2004. Application of the RHESSys model to a California 
semiarid shrubland watershed. JAWRA Journal of the 
American Water Resources Association 40:575–589.

Tague, C., L. Seaby, and A. Hope. 2009. Modeling the eco-
hydrologic response of a Mediterranean type ecosystem to 
the combined impacts of projected climate change and altered 
fire frequencies. Climatic Change 93:137–155.

Thornton, P. E., S. W. Running, and E. R. Hunt. 2005. Biome-
BGC: terrestrial ecosystem process model, Version 4.1.1: data 
model. Oak Ridge National Laboratory Distributed Active 
Archive Center, Oak Ridge, Tennessee, USA. http://www.
daac.ornl.gov

Verkaik, I., M. Rieradevall, S. D. Cooper, J. M. Melack, T. L. 
Dudley, and N. Prat. 2013. Fire as a disturbance in mediter-
ranean climate streams. Hydrobiologia 719:353–382.

Vourlitis, G. L., and C. S. Hentz. 2016. Chronic N addition 
alters the carbon and nitrogen storage of a post-fire 
Mediterranean-type shrubland. Journal of Geophysical 
Research—Biogeosciences 121(2):385–398. doi:10.1002/2015 
JG003220.

Vourlitis, G. L., G. Zorba, S. C. Pasquini, and R. Mustard. 
2007. Carbon and nitrogen storage in soil and litter of 
Southern Californian semi-arid shrublands. Journal of Arid 
Environments 70:164–173.

Weiss, S. B. 2006. Impacts of nitrogen deposition on California 
ecosystems and biodiversity. California Energy Commission, 
Sacramento, California, USA.

Westerling, A. L., H. G. Hidalgo, D. R. Cayan, and T. W. 
Swetnam. 2006. Warming and earlier spring increase western 
U.S. forest wildfire activity. Science 313:940–943.

White, M. A., P. E. Thornton, S. W. Running, and R. R. 
Nemani. 2000. Parameterization and sensitivity analysis of 
the BIOME–BGC terrestrial ecosystem model: net primary 
production controls. Earth Interactions 4:1–85.

Data Availability

Data associated with this paper are available in Dryad: https://doi.org/10.5061/dryad.5242j

http://www.daac.ornl.gov
http://www.daac.ornl.gov
https://doi.org/10.1002/2015JG003220
https://doi.org/10.1002/2015JG003220

