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ABSTRACT rainfall events (Easterling, 1990; Houghton et al., 1990).
These changes in rainfall patterns and intensities mayRainfall simulation experiments were conducted on annual grass-
result in greater amounts of overland flow and a con-land and coastal sage scrub hillslopes to determine the quantities

of C and N removed by surface runoff in sediment and solution. comitant increase in the quantities of C and N removed
Undisturbed coastal sage scrub soils have very high infiltration capacit- from hillslopes (Edwards and Owens, 1991). Over time,
ies (�140 mm h�1), preventing the generation of surface runoff. Tram- any increase in nutrient removal from soil may have
pling disturbance to the sage scrub plots dramatically reduced infiltra- long-term consequences for soil quality and ecosystem
tion capacities, increasing the potential for surface runoff and productivity (Pimentel and Kounang, 1998). Further-
associated nutrient loss. Infiltration capacities in the grassland plots more, an increase in hillslope nutrient losses may reduce(30–50 mm h�1) were lower than in the sage scrub plots. Loss rates

the quality of regional stream waters (Crosson, 1985).of dissolved C and N in surface runoff from grasslands were 0.5 and
In the Central Coast region of California, the rate of0.025 mg m�2 s�1 respectively, with organic N accounting for more

nutrient transport by surface runoff may be stronglythan 50% of the dissolved N. Total dissolved losses with simulated
rainfall were higher than losses in simulations with just surface runoff, controlled by vegetation type. The hillslopes of the study
demonstrating the importance of raindrop impact in transferring sol- area are generally vegetated by either coastal sage scrub
utes into the flow. Experimental data were incorporated into a numeri- or annual grassland communities, with little mixing of
cal model of runoff and sediment transport to estimate hillslope-scale the vegetation types (Mooney, 1977). In recent years,
sediment-bound nutrient losses from grasslands. According to the land cover changes associated with these plant commu-
model results, sediment-bound nutrient losses are sensitive to the nities have become increasingly important. There hasdensity of vegetation cover and rainfall intensity. The model estimates

been considerable loss of sage scrub habitat due to theannual losses in surface runoff of 0.2 and 0.02 g m�2 for sediment-
combined pressures of development, agriculture, andbound C and N, respectively. The results of this study suggest that
conversion to nonnative annual grasslands for grazingconversion of coastal sage scrub to annual grasslands increases hill-

slope nutrient losses and may affect stream water quality in the region. (Davis et al., 1994). Throughout California, the area of
sage scrub habitat has been reduced to 10 to 15% of its
former extent (Westman, 1981), but few studies have
examined the potential impacts of this loss of sage scrubThe Mediterranean climate of the Central Coast
habitat on nutrient export from hillslopes.of California commonly produces rainfall events

Rainfall simulation experiments allow us to study thethat are episodic in nature and of relatively short dura-
factors controlling the quantity and forms of nutrientstion with very high intensities. These rainstorms often
lost from hillslopes via overland flow. With a rainfallgenerate substantial surface runoff with the potential
simulator, we can apply rainfall with realistic raindropfor accompanying soil and nutrient losses (Wells, 1982).
sizes and velocities to small hillslope plots and quantifyOn an annual basis, the flux of dissolved and particulate
both the discharge from overland flow and the rates ofnutrients from hillslopes by overland flow is often of
sediment transported from the plot in the runoff. Wegreater magnitude than nutrient transport by subsurface
can then estimate plot-level nutrient losses via overlandflow (Owens et al., 1991; Viney, 2000). Surface runoff
flow by analyzing the nutrient contents of the runoffcan remove large quantities of nutrients from the soil

in both dissolved and sediment-bound forms (Gifford water and suspended sediments. By conducting a series
and Busby, 1973; Lowrance and Williams, 1988). How- of rainfall simulations with varied rainfall intensities
ever, the high degree of temporal and spatial variability on plots with different characteristics, we can begin to
in the distribution of surface runoff makes it difficult predict hillslope-scale nutrient losses under natural rain-
to conduct studies on nutrient transport by this process. fall conditions.
An adequate understanding of nutrient transport by Our primary objective was to determine the magni-
surface runoff is necessary if we want to understand the tude of solute and sediment C and N loss occurring by
watershed biogeochemistry of the Central Coast region overland flow from coastal sage scrub and grassland hill-
of California and similar areas. slopes. We also looked at the short-term effects of cattle

The role of surface runoff in nutrient dynamics be- trampling on nutrient losses from sage scrub hillslopes.
comes particularly important in light of global climate With plots of both vegetation types, we focused particu-
change scenarios. Predictions from climate change mod- lar attention on hillslope sediment-bound nutrient losses,
els for continental North America include the “repack- which are inherently difficult to measure (Lowrance and
aging” of total annual rainfall into fewer, more intense Williams, 1988) and often ignored in similar studies.
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Table 1. Plot and rainfall characteristics of the rainfall simula- from 40 to 140 mm h�1 and simulated rain events were 20 to
tion experiments. 60 min in duration. Surface runoff was collected in a trough

on the downhill side of the plot, with discharge determinedRange of
Range of applied by timed volumetric sampling. A total of 49 rainfall simulations

Plot vegetation Hillslope rainfall were conducted on grassland plots and 15 on sage scrub plots.
number Vegetation type cover (Cv) angle intensities These rainfall simulations were done during the dry season,

degrees mm h�1 July and August of 1999 and 2000. On each plot, the rainfall
1 Annual grass 0.94–0.88 10 60–120 simulations were conducted consecutively within a one-week
2 Annual grass 0.73–0.71 17 60–120 period. The infiltration capacities of the plots remained con-
3 Annual grass 0.70–0.57 14 60–120 stant between rainfall simulations, regardless of antecedent4 Annual grass 0.98 4 50–60

soil moisture. Between rainfall simulations, vegetation cover5 Annual grass 0.82–0.66 17 50–70
6 Annual grass 0.70–0.56 13 40–120 was experimentally reduced on each plot by clipping vegeta-
7 Annual grass 0.74–0.64 9 70–110 tion and carefully removing ground litter. Two rainfall simula-
8 Annual grass 0.64–0.34 13 70–120 tions were conducted on grassland plots during the wet season,9 Annual grass 0.86–0.46 5 70–130

February 2000, to determine if there were any seasonal effects10 Sage scrub 0 11 130–140
11 Sage scrub 0 11 120–130 on nutrient loss rates. No wet season rainfall simulations were
12 Sage scrub 0.85–0.00 15 70–110 conducted on sage scrub plots.
13 Sage scrub 0.80–0.00 16 130–140
14 Sage scrub 0 15 80–130
15 Sage scrub 0 25 80–110 Flow Simulations

To investigate the importance of raindrop impact on the
annual grassland plots were incorporated into a numeri- transfer of nutrients from the soil to the surface runoff as
cal model of sediment removal by overland flow, al- solutes, we performed nine flow simulations without rainfall
lowing us to scale-up from the plot level and investigate on four grassland plots. Flow simulations were conducted by

introducing water from the top of the plot through a perforatedthe controls on sediment-bound nutrient losses for en-
pipe installed at ground level. Discharges were adjusted totire hillslopes.
approximate discharges from the rainfall simulations.

METHODS Nutrient Analyses
Study Area The fluxes of C and N in sediments were determined by

collecting 1-L runoff samples approximately every 3 to 5 min.All rainfall simulations were conducted on hillslopes lo-
These runoff samples were then filtered through a Whatmancated in Sedgwick Ranch, a University of California Natural
(Maidstone, UK) #1 paper filter and the sediment was weighedReserve in the Santa Ynez Valley near Santa Barbara, Califor-
to quantify the sediment load suspended in each runoff sample.nia. The soils are generally silty clay loams with smectitic-type
The sediments were analyzed for C and N content on a Fisonsclays; further details of the soils can be found in Gessler et
(Danvers, MA) NA1500 C/N analyzer. There were no measur-al. (2000) and Shipman (1972).
able quantities of inorganic C in the sediment (as determinedRainfall simulations were conducted on a total of nine
by acid digestion), so total C content was assumed to be equiv-annual grassland plots and six sage scrub plots (Table 1).
alent to organic C content.Sage scrub habitats are dominated primarily by the perennials

A second set of runoff samples (50 mL) was collected everyCalifornia sage (Artemisia californica Less.) and purple sage
3 to 5 min for analysis of dissolved nutrients. These samples(Salvia leucophylla Greene). Annual grassland habitats are
were kept on ice in the field and filtered with a Whatman #1dominated by grasses such as brome grass (Bromus spp.) and
filter to remove particulates, and the flow-through was frozenMediterranean barley (Hordeum murinum L.). The grassland
for later analyses. The NH�

4 and NO�
3 concentrations in theplots, like most of the annual grasslands in the region, have

runoff were determined using a Lachat (Milwaukee, WI) auto-been historically grazed by cattle. The coastal sage scrub
analyzer. Ammonium was analyzed using the diffusion methodplots were ungrazed. Hillslope angles in both sage scrub and
(Lachat Method #31-107-06-5-A) and NO�

3 was analyzed usinggrass plots ranged from 4 to 25 degrees (Table 1). Vegetation
Griess–Ilovsay reaction after Cd reduction (Lachat Methodcover density on each plot was measured with a pin frame at
#12-107-04-1-B). To estimate dissolved organic C and N con-10-cm intervals.
centrations, the samples were digested in an autoclave usingThe history of vegetation conversion in the study area is
a persulfate digestion technique (A.P. Doyle, personal com-unclear, but the earliest aerial photos from Sedgwick Ranch
munication, 2000). The digested and undigested samples weresuggest that the present distribution of vegetation was estab-
then analyzed on a Lachat autoanalyzer for NO�

3 and CO2�
3 .lished before the 1930s. Hamilton (1997) speculates that most

The differences in total dissolved C and N concentrationsannual grasslands in the area were formerly dominated by
between the digested and undigested samples represent thecoastal sage scrub. In addition, larger diameter root fragments
concentrations of dissolved organic C and N. Generally, lesstypical of California sage have been found in soil pits exca-
than 5% of total dissolved C was inorganic C, so all of the Cvated on annual grassland slopes in the study area (Gabet,
measured after digestion was assumed to be organic C. Theunpublished data, 2000), indicating that these slopes were once
concentrations of nutrients removed in runoff were obtainedcovered by sage scrub vegetation.
by subtracting the nutrient concentrations in the applied water
from that in collected runoff.Rainfall Simulations

We constructed a rainfall simulator capable of sprinkling Runoff and Erosion Modelinga 6- � 2.5-m plot with realistic raindrop sizes and terminal
velocities (Dunne et al., 1991; Gabet and Dunne, 2002). Water The numerical model, described in detail in Gabet and Dunne

(2002), calculates the rate of sediment detachment from rain-was obtained from a nearby deep well and transported to the
site in a stainless steel tank. Applied rainfall intensities varied drop impact. With the field data, the model can be applied
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to calculate sediment-bound nutrient loss as the product of marily of fine roots, moss, and lichens. We hypothesize
sediment detachment rate and the percent C and percent N that the high porosity of this biotic crust layer is respon-
in the sediment. sible for the high infiltration rates in coastal sage scrub

Rain power is the time derivative of the kinetic energy of soils. Biotic crusts of similar morphology are common
rainfall and incorporates rainfall, ground cover, and hillslope in other semiarid sagebrush habitats (Johansen, 1993).angle so that:

West (1990) and Eldridge (1998) have shown that highly
R � [�iv2(1 � Cv)cos �]/2 [1] porous biotic crusts can dramatically reduce surface run-

off volumes by increasing infiltration rates.where R � rain power (W m�2), � � density of water (1000 kg
The conversion of sage to grasslands for cattle grazingm�3), i � rainfall intensity (m s�1), v � raindrop velocity (m

is common in the region, so the effect of trampling ons�1), Cv � fraction of plot area covered by vegetation, and
the biotic crust is critical to our understanding of how� � hillslope angle (degrees).
grazing may affect surface runoff generation and associ-Sediment detachment rate can be expressed as a product

of rain power and a dimensionless attenuation function that ated nutrient loss. To investigate this, we conducted
accounts for the dampening of raindrop impact by water on rainfall simulations on two plots before and after distur-
the surface (Gabet and Dunne, 2002): bance to the surface soil by trampling. Due to the diffi-

culties inherent in persuading cattle to walk around� � 	R
A(h,d) [2]
inside a small plot, we mimicked cattle trampling by

where � � sediment detachment rate (g m�2 s�1), 	 and 
 � affixing cow hooves to the feet of a 90-kg human (car-
empirically determined constants, A( ) � attenuation function, rying an additional 30 kg of weight) who then walked
h � water depth (mm), and d � raindrop diameter (mm). within the confines of the plot for approximately 15 min.Values for 	 and 
 were determined with the results from

We were only able to simulate a maximum tramplingthe rainfall simulations and Eq. [2] was found to accurately
pressure of 120 kg hoof�1, whereas, with an averagepredict rates of sediment detachment (Gabet and Dunne,
cow weight of 600 kg, the maximum pressure would be2002). This formulation for calculating detachment rates is
200 kg hoof�1.coupled to a flow-routing algorithm to calculate flow depths

for the attenuation function and can predict sediment loss for The effect of the trampling was considerable. Infiltra-
entire lengths of hillslopes (Gabet and Dunne, 2002). tion capacities decreased from more than 140 mm h�1

to a maximum of 60 mm h�1. This dramatic change was
Statistical Analyses most likely due to destruction of the biotic crust and

compaction of the top layer of soil. This is supportedThe concentrations of dissolved nutrients did not change
by an increase in bulk densities of soil samples takenduring steady state runoff so the average values of the col-
from the top 1 to 2 cm of the soil before and afterlected runoff for each simulation were used for the analyses.

All statistical analyses were conducted using Systat 10 for trampling. Pretrampling samples had bulk densities of
Windows 2000 (SPSS, 2000). Loss rates of nutrients with differ- 0.62 g cm�3 (SE � 0.03) and posttrampling samples had
ent experimental treatments or conditions were compared bulk densities of 1.16 g cm�3 (SE � 0.23). A similar
using two sample t tests. The assumptions of equal variance, decrease in soil infiltration capacities after disturbance
as required for the t tests, were validated using F tests. to biotic crusts has been observed elsewhere (Eldridge,

1998; Belnap, 1995). However, other studies have found
no discernible effect of biotic crust cover on soil hydrau-RESULTS AND DISCUSSION
lic properties (Eldridge et al., 1997; Williams et al.,Infiltration Capacities on Sage Scrub Hillslopes 1999). Regional differences in soil characteristics and

Nutrient loss by overland flow only occurs on hill- crust composition make it difficult to develop a general
slopes where surface runoff can be generated. On hill- theory relating biotic crust cover to soil hydrological
slopes such as those studied here, overland flow occurs properties.
when the precipitation is greater than the infiltration
capacity (i.e., Horton infiltration excess). Therefore, in- Infiltration Capacities on Grassland Hillslopes
filtration capacity is the first-order control on nutrient

Infiltration capacities on the grassland plots weretransport by surface runoff.
much lower than for sage scrub plots, generally rangingDespite applied rainfall intensities of 140 mm h�1, no
from 30 to 50 mm h�1 during the summer dry seasonsoverland flow was generated on undisturbed sage scrub
when the rainfall simulations were conducted for thisplots. Even after the removal of all vegetation and sur-
study. Infiltration capacities were measured on a fewface litter from the plots, rainfall simulations failed to
grassland plots during the winter and were much lower,yield any surface runoff. This indicates that the infiltra-
ranging from 5 to 10 mm h�1. This substantial seasonaltion capacities of the soils in the sage are sufficiently
difference is probably due to the swelling of the smectitichigh to absorb natural rainfall, preventing surface runoff
clays during the wet winter months. Since approximatelyand associated nutrient losses. Although no wet season
10% of the recorded 1-h rainfall intensities are greaterrainfall simulations were conducted on sage scrub plots,
than 5 mm h�1 (Figueroa Mountain Ranger Station,there is no evidence for surface runoff during even the
National Oceanic and Atmospheric Administrationmost intense winter rainstorms.
[NOAA], 5 km from site), the generation of overlandCareful inspection of the mineral soil under coastal
flow on these hillslopes during the winter is infrequent,sage scrub vegetation reveals a laterally extensive and

continuous 1- to 2-cm-thick biotic crust, composed pri- but not rare.



1210 J. ENVIRON. QUAL., VOL. 31, JULY–AUGUST 2002

Rainfall Intensity and Loss Rates of
Dissolved Nutrients

On grassland plots there was no systematic variation
in rates of dissolved nutrient losses with respect to hill-
slope vegetation cover or slope (r 2 � 0.2 in all cases,
for cover and slope versus NH�

4 , NO�
3 , organic N, and

organic C losses). We expected a relationship between
rainfall intensity and rates of dissolved nutrient losses
since studies have shown that raindrop impact is impor-
tant in mixing surface runoff with pore water (Ahuja,
1990; Ahuja and Lehman, 1983). Surprisingly, only
NO�

3 loss rates (mg N m�2 s�1) were influenced by rain-
Fig. 2. Comparison of loss rates of dissolved nutrients in simulationsfall intensity (Fig. 1) and they can be estimated for

with and without raindrop impact on a series of paired plots. Notedifferent rainfall intensities (i, mm h�1) with: separate axes for N and C data. * � loss rates are significantly
different (P � 0.05) between rain and flow simulations. Error barsNO�

3 loss rate � 10�6i 2 [3]
represent one standard error.

Comparisons of the rates of dissolved nutrient losses
lead to higher rates of dissolved losses. These apparentlywith the rainfall simulations and the flow simulations
contradictory results suggest that, with the exception of(Fig. 2) conducted on the same plots show that NO�

3 ,
NO�

3 , any rainfall intensity may cause sufficient turbu-organic C, and organic N losses are significantly higher
lent mixing and that the diffusion of solutes from thewith raindrop impact (P � 0.05). Rates of NH�

4 loss are
soil to the pore water is a rate limiting step.much lower and not affected by raindrop impact (P �

Unlike NH�
4 , organic C, and organic N, the diffusion0.6). These results suggest that a portion of the dissolved

of NO�
3 from the soil to the pore water may not be anutrients enter the flow through turbulent mixing of

rate limiting step because the anionic nature of NO�
3pore water and surface water caused by raindrop impact.

makes it relatively mobile in clay-rich soils (Evangelou,This agrees well with laboratory experiments performed
1998). The importance of rainfall intensity in NO�

3 trans-by Ahuja and Lehman (1983) and Ahuja (1990), but
port suggests that rainfall simulation experiments mayconflicts with the insensitivity of dissolved losses to rain-
overestimate NO�

3 losses in runoff. The high rainfallfall intensity (with the exception of NO�
3 ). The simulator

intensities used in this and other rainfall simulation stud-reproduces natural rainfall characteristics so that higher
ies (60–120 mm h�1 [Barisas et al., 1978], 140 mm h�1intensities are associated with larger raindrops and
[Schlesinger et al., 1999], for example) may lead to over-greater impact velocities. Higher intensities, therefore,
estimations of NO�

3 losses in surface runoff during natu-would be expected to increase rates of turbulent mixing
ral rainstorms. However, using Eq. [1] and regional rain-of pore water and surface water by drop impact and
fall data (Figueroa Mountain Ranger Station), we can
estimate that NO�

3 losses would be approximately 25 to
35% lower with natural intensities compared with the
simulated rainfall intensities.

Vegetation Type and Dissolved Nutrient Losses
The average loss rates for dissolved N and C for the

two trampled sage plots and the nine grassland plots are
shown in Fig. 3. The trampled sage plots lost significantly
more organic C (P � 0.02), but substantially less NO�

3

Fig. 1. Relationships between loss rates of dissolved nutrients and
rainfall intensities for all annual grassland rainfall simulations. (A)

Fig. 3. Nutrient loss rates in solute from grassland and trampled sageNH�
4 , (B) NO�

3 , (C ) solute organic N, (D) solute organic C. The
R2 values are from best fit regressions using power functions. Only scrub plots. Note separate axes for the N and C data. * � significant

difference (P � 0.05) in the nutrient loss rate between sage andthe NO�
3 data showed a significant (P � 0.05) relationship with in-

tensity. grass plots. Error bars represent one standard error.
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Table 2. Values of model parameters. Typical hillslope lengths(P � 0.001) than the grassland plots. Rainfall simula-
at Sedgwick Reserve are 100 m long and, for simplicity, a planartions were conducted immediately after trampling, so
hillslope is assumed. An entire year of rainstorms recorded bythe measured organic C losses may represent an initial a local weather station was used as input for the Annual model

flush of organic C into runoff, not steady-state condi- run. Vegetation cover was held constant for the Annual run with
tions that would develop after a season of rainstorms. the assumption that grazing intensity is the dominant control

on grass cover.Any long-term organic C removal by runoff from coastal
sage scrub plots is likely to be of lower magnitude. Grazing Rainfall

Parameter intensity intensity AnnualCompared with the grassland plots, the plots under
coastal sage scrub lost relatively little N as NO�

3 , possibly Hillslope length, m 100 100 100
Hillslope angle, degrees 15 15 15because nitrification rates in sage scrub soils are lower
Infiltration capacity, mm h�1 5 5 5than in grassland soils (Dornelles and Schimel, 2000). Vegetation cover (Cv ) 0–1† 0.6 0.6

Approximately half of the total dissolved N trans- Rainfall intensity, mm h�1 15 5–60† Varied
ported in runoff from grassland hillslopes was in organic † Indicates range of values used in series of model runs.
forms. This study is similar to others that have found
that a substantial fraction of the N exported from water-

fore, no equivalent model was used to predict rates ofsheds is in dissolved organic forms (Hedin et al., 1995;
dissolved losses.McDowell and Asbury, 1994). On average, 75% of the

We did three sets of modeling experiments to: (i)dissolved inorganic N measured in runoff was in the
investigate the effects of land-use strategies on nutrientform of NO�

3 (Fig. 2). The high cation exchange capacity
transport, (ii) investigate the effect of climate on nutri-of these soils (Gessler et al., 2000) presumably retards
ent transport, and (iii) estimate the annual loss of sedi-the movement of positively charged ions, such as NH�

4 ,
ment-bound C and N. Grazing or other land-use changesfrom the soil surface.
directly affect sediment and associated nutrient loss by
controlling the density of vegetation cover (Cv in Eq. [1]).

Sediment-Bound Nutrients A series of model simulations was performed with a
range of values for Cv, while holding all other parametersLoss rates of sediment during flow simulations were
constant. Sediment-bound nutrient losses are also sensi-several orders of magnitude less than during rainfall
tive to rainfall intensity (i in Eq. [1]) so, to predict losssimulations, indicating that raindrop impact is essential
rates of nutrients under various rainfall intensities, afor soil particle detachment (Gabet and Dunne, 2002).
second series of model simulations was performed byFor this reason, we only present sediment-bound nutri-
varying rainfall intensity with all other parameters heldent loss data from the rainfall simulations.
constant. Finally, the model was run to simulate anThere was little variability between rainfall simula-
entire year of rainstorms based on regional precipitationtions with respect to the percentages of C and N in
records (Figueroa Mountain Ranger Station). For allthe sediment collected, so values were averaged for all

rainfall simulations according to vegetation type. The model runs, we assume that the percentages of C and
percentages of C and N in the trampled sage plots were N in the sediment are constant. Parameter values for
13.4 (SE � 1.25) and 0.9 (SE � 0.08), respectively. the runs are listed in Table 2.
The percentages for the grassland plots were lower, 6.4 Figure 4 shows the model estimates of C and N loss
(SE � 0.07) and 0.7 (SE � 0.01) for C and N, respec- in sediment by surface runoff over a range of vegetation
tively. The higher percentages of C and N in sediment cover densities. As expected from Eq. [1], decreases in
from the trampled sage scrub plots are probably due vegetation cover result in greater losses of sediment-
to the large amounts of biotic crust and other organic bound nutrients. Likewise, sediment C and N loss from
detritus broken up by the trampling. As mentioned
above, this probably represents an initial flush of organic
matter and subsequent surface runoff events would
transport sediment with lower organic matter concen-
trations.

The data presented above give us an estimate of the
proportional losses of C and N forms from plots; by
incorporating sediment loss results from the plot experi-
ments into a numerical model we can predict rates of
sediment-bound nutrient losses for an entire hillslope.
The sediment loss data are only useful when incorpo-
rated into a model since the applied rainfall intensities
were generally higher than natural rainfall intensities,
resulting in unnaturally high sediment detachment rates.
The model was only applied to annual grassland plots
because overland flow does not appear to occur on
undisturbed hillslopes vegetated by coastal sage scrub. Fig. 4. Model estimates of sediment C and N loss in surface runoff
The processes that determine the concentrations of dis- from annual grassland hillslopes with changes in vegetation cover.

Rainfall intensity � 15 mm h�1.solved load in the runoff are poorly understood, there-
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0.05 in all cases) in the winter compared with the sum-
mer (data not shown). High dissolved organic C and N
concentrations may be associated with the first rainfall
events of the season (Fisher and Grimm, 1985), which
would explain the large dissolved organic nutrient losses
observed with the summer rainfall simulations. Extract-
able NH�

4 and NO�
3 levels in the grassland soils are

generally 75% lower in the winter than in the summer
(Fierer, unpublished data, 2001), a change reflected in
the seasonal differences in the dissolved losses of NH�

4

and NO�
3 in runoff.

Therefore, by conducting the rainfall simulations dur-
ing the dry season, we may have overestimated dissolved
N and C losses during winter storms. However, our es-
timates of losses of dissolved nutrients by overland flow
are applicable to the first rains of the season or summer

Fig. 5. Model estimates of sediment C and N loss in surface runoff thunderstorms. In winter conditions, sediment-boundfrom annual grassland hillslopes with changes in rainfall intensity.
nutrient losses would probably constitute a larger pro-Vegetation cover � 0.6.
portion of total nutrient losses. The dominance of sedi-
ment-bound nutrient losses over solute losses has beenhillslopes is directly related to rainfall intensity (Fig. 5).
noted in other studies (Barisas et al., 1978; LowranceThese model results imply that regional stream water
and Williams, 1988).quality may be altered by the predicted increases in

average rainstorm intensities in the future (Easterling,
1990; Houghton et al., 1990). CONCLUSION

On an annual basis, the model predicts average sedi-
In the Central Coast region of California, hillslopement-bound nutrient losses of 0.2 g m�2 yr�1 of C and

vegetation type has a strong effect on the loss rates of0.02 g m�2 yr�1 of N. Over a five-year period, Castillo
C and N in surface runoff. We performed rainfall simula-et al. (1997) quantified the amount of sediment lost in
tion experiments to investigate the processes involvedsurface runoff from a natural, undisturbed plot in a
in runoff generation and the associated nutrient losses.semi-arid region of Spain. The climate and vegetation
Even with very high rainfall intensities, the simulationsof this area are similar to those found in the Central
failed to generate any surface runoff on sage scrub plots.Coast of California. If one assumes the percentages of
However, after light trampling, infiltration capacitiesC and N in the soil (as reported in Castillo et al., 1997)
were lowered enough to generate surface runoff. Resultsare the same as that in their collected sediments, we
from the grassland plots were incorporated into a hill-can calculate average rates of sediment-bound nutrient
slope-scale runoff and erosion model to estimate sedi-losses from their plot of 0.53 g C m�2 yr�1 and 0.036 g
ment-bound nutrient losses under natural conditions.N m�2 yr�1. These estimates are higher but of the same
The model results show that for annual grasslands, aorder of magnitude as our model predictions.
decrease in vegetation cover or increase in rainfall inten-
sities (as predicted by climate change models) couldSeasonal Considerations
increase loss rates of soil nutrients and decrease regional

In the study region, the majority of large rainstorms stream water quality. The historical loss of coastal sage
occur in the winter when soils are generally moist from scrub habitat and the subsequent conversion to annual
previous rainstorms. The majority of the data used in grasslands have resulted in an increase in soil C and N
this study were obtained from rainfall simulations con- loss from hillslopes in the region.
ducted during the summer, on soils that had received
no antecedent rainfall for at least two months. To deter-
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