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2.3 Results 

2.3.1 Pre-treatment 

Prior to experimental rainfall addition treatments (i.e., on J0, A0, and S0), SVWC ranged from 

7.7 ± 0.3 to 12.5 ± 0.7%, NH4
+-N from 1.91 ± 0.13 to 4.52 ± 0.39 µg N g-1 soil, and NO3

--N 

from 1.44 ± 0.09 to 2.44 ± 0.35 µg N g-1 soil from July to September (Figure 2.1; Table 2.2). 

There were no significant within-month pre-treatment differences in SVWC. The only significant 

within-month pre-treatment differences in plant available nitrogen occurred in August, when 

availability of extractable NO3
--N was significantly lower in the large infrequent treatment than 

in the small frequent treatment (Figures 2.1e and 2.1h; Table 2.2). 
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Figure 2.1 Soil nitrogen availability responses to experimental rainfall addition treatments over the summer 
monsoon. Rows represent rainfall treatments, with ambient treatments in blue (a-c), small frequent treatments 
receiving 5 mm of added rainfall once per week in orange (d-f), and large infrequent treatments receiving 20 mm of 
added rainfall once per month in pink (g-i). Columns represent months (July, August, and September) during which 
the three sampling campaigns occurred. Points represent mean extractable soil nitrogen (μg N g-1 soil; left y-axis) as 
NH4+-N (closed circles) and NO3--N (open circles) measured each sampling day, with error bars indicating standard 
errors of the means. Gray lines and shading indicate soil volumetric water content (%; right y-axis) reported as 
continuous 15-minute averages. Sampling days begin at the time soils were sampled, with dotted vertical lines (d-i) 
indicating the timing of rainfall addition treatments. Aboveground plant tissues were clipped at ground level prior to 
and throughout the summer monsoon to reduce nitrogen uptake. 
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Pre-treatment soil temperatures decreased as the season progressed, ranging from 32.2 ± 0.1 °C 

in July to 28.5 ± 0.2 °C in September. SOM content ranged from 1.64 ± 0.14% in August to 1.75 

± 0.12% in September. NAG activity ranged from 2.2 ± 0.2 nmol h−1 g−1 in July to 3.7 ± 0.7 

nmol h−1 g−1 in September, while LAP activity ranged from 31.8 ± 5.2 nmol h−1 g−1 in September 

to 36.7 ± 4.9 nmol h−1 g−1 in August. There were no significant within-month pre-treatment 

differences in soil temperature, SOM content, or nitrogen-acquiring microbial ecoenzymatic 

activities over the summer monsoon (Table 2.3). 

 

2.3.2 Pulse Response and Duration 

Significant pulses of increased soil moisture availability were evident one day after large 

infrequent rainfall treatments (i.e., on J1, A1, and S1), persisting for the duration of each 

monthly sampling campaign (Figures 2.1g-2.1i; Table 2.2). While small frequent rainfall 

treatments also increased soil moisture availability throughout the summer monsoon (Figures 

2.1d-2.1f), the only significant pulse occurred in July, which persisted for the duration of the 

sampling campaign (Figure 2.1d; Table 2.2). Over the 24 hours following the first rainfall 

addition events in July, SVWC increased 113.7% in response to the large treatment and 14.6% in 

response to the small treatment. By September, these increases had reduced in magnitude to 

75.7% and 4.0% respectively. Yet despite these distinct pulses of increased soil moisture 

availability, plant available nitrogen never exhibited a significant pulse in response to any 

treatment in any month, except for NH4
+-N one day after the large rainfall treatment in August 

(Figure 2.1h; Table 2.2). Similarly, nitrogen-acquiring microbial ecoenzymatic activities never 

pulsed in response to rainfall treatments over the summer monsoon (Table 2.3). 
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2.3.3 Rainfall Size and Frequency 

Mean soil moisture availability during post-treatment sampling periods (i.e., J1-6, A1-6, and S1-6) 

was consistently highest following the large infrequent treatments (Figures 2.1g-2.1i), but this 

result was only significant in July (Table 2.2). There were no significant differences in post-

treatment SVWC between the small frequent and ambient treatments in any month (Table 2.2). 

 

Availability of net inorganic nitrogen (NH4
+-N + NO3

--N) over post-treatment sampling periods 

was always significantly higher following the small frequent treatments than following the large 

infrequent treatments (Figure 2.2). Similarly, albeit not statistically significant, post-treatment 

availability of NH4
+-N was generally highest following small frequent treatments (Figures 2.1d-

2.1f; Table 2.2). In contrast, availability of NO3
--N was nearly always greatest in the ambient 

treatment (Figures 2.1b and 2.1c), particularly in comparison to the large infrequent treatments, 

which significantly reduced the availability of both NO3
--N and net inorganic nitrogen over the 

season (Figures 2.1g-2.1i and 2.2; Table 2.2). Similarly, PRS® probe measurements of seasonally 

integrated net inorganic nitrogen supply rates were also lowest in response to the large 

infrequent treatments; however, these results were not statistically significant (Figure 2.3). 
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Figure 2.2 Net inorganic nitrogen (NH4+-N + NO3--N; μg N g-1 soil) responses to rainfall treatments (ambient, 
small frequent, large infrequent) averaged across each monthly (July, August, September) post-treatment sampling 
period (i.e., J1-6, A1-6, and S1-6). NH4+-N, extractable soil ammonium (μg N g-1 soil); NO3--N, extractable soil 
nitrate (μg N g-1 soil). For each treatment, a-c indicates a significant between-month difference in value. For each 
month, x-z indicates a significant within-month difference in value among treatments. In other words, different letters 
reflect significant (p ≤ .05) differences among respective comparisons. 
 

  
Figure 2.3 Mean net inorganic nitrogen (NH4+-N + NO3--N) supply rates (µg N 10 cm-2) integrated across the 
summer monsoon (2 July 2014 – 10 October 2014) as measured by PRS® probes in each rainfall addition treatment 
(ambient, small frequent, large infrequent). Ammonium (NH4+-N) is represented in orange and nitrate (NO3--N) in 
blue. Error bars indicate standard errors of the means. Results did not differ significantly at p ≤ .1. 
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SOM content and LAP activity over post-treatment sampling periods were typically highest in 

the ambient treatments, while NAG activity was always highest following the small frequent 

treatments (Table 2.3). However, these trends were not significant. Post-treatment soil 

temperatures throughout the summer monsoon were consistently highest in the ambient 

treatments, but this trend was only significant during the first 24 hours following rainfall 

treatments (Table 2.3).  

 

2.3.4 Seasonal Dynamics 

Soil moisture availability increased over the summer monsoon in all treatments, with post-

treatment SVWC ranging from 8.8 ± 0.2% in the ambient treatment in July to 21.9 ± 1.0% 

following the large treatment in August (Table 2.2). 

 

Post-treatment availability of NH4
+-N increased consistently over the season (Table 2.2), ranging 

from 1.16 ± 0.11 µg N g-1 soil in the ambient treatment in July (Figure 2.1a) to 4.83 ± 0.38 µg N 

g-1 soil in response to the small frequent treatment in September (Figure 2.1f). Post-treatment 

availability of NO3
--N was more variable, with the only consistent seasonal increases occurring in 

the ambient treatment, ranging from 2.53 ± 0.22 µg N g-1 soil in July to 5.00 ± 0.54 µg N g-1 soil 

in September (Figures 2.1a-2.1c; Table 2.2). Otherwise, NO3
--N availability peaked in August, 

then declined significantly by September in response to both rainfall addition treatments (Figures 

2.1d-2.1i; Table 2.2). Overall, post-treatment amounts of net inorganic nitrogen increased 

consistently over the season, ranging from 2.59 ± 0.12 µg N g-1 soil in response to the large 

infrequent treatment in July to 8.75 ± 0.84 µg N g-1 soil in the ambient treatment in September 

(Figure 2.2).  
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Seasonal trends in post-treatment SOM content and nitrogen-acquiring microbial ecoenzymatic 

activities were largely insignificant (Table 2.3). While SOM content generally increased over the 

season regardless of treatment, LAP activity was more variable, generally increasing in the 

ambient treatment and declining in response to rainfall addition. Yet both rainfall treatments 

stimulated significantly greater NAG activity as the season progressed. Post-treatment soil 

temperatures in all treatments were significantly higher in July than in August or September.  

 

2.3.5 Drivers of Nitrogen Availability over the Summer Monsoon 

Our SEM was well fitted to the data (χ2(22, n = 234) = 29.66, p ≥ .05; RMSEA = .04 with CI90: 

(.00, .07), p ≥ .05; CFI = 0.99; SRMR = .04), explaining 66% of the variance in NH4
+-N 

availability and 34% of the variance in NO3
--N availability over the summer monsoon (Figure 

2.4). Time was the strongest driver of NH4
+-N availability (Figure 2.4), which increased 

significantly over the growing season in all treatments (Figure 2.1; Table 2.2). Increased NAG 

activity was identified as a significant driver of increased nitrogen availability (especially NH4
+-

N), whereas large rain events significantly reduced plant available nitrogen (specifically NO3
--N) 

throughout the season (Figures 2.1-2.3; Table 2.2). Similarly, large rain events drove the 

reduction of SOM content (Figure 2.4; Table 2.3); however, SOM was not identified as a driver 

of nitrogen availability or nitrogen-acquiring microbial ecoenzymatic activities in this study 

(Figure 2.4). NAG activity was stimulated by greater soil moisture availability, particularly from 

frequent rain events that also stimulated the availability of NH4
+-N (Figure 2.4; Tables 2.2 and 

2.3). In contrast, LAP activity, which was stimulated by infrequent and smaller rain events, drove 

reductions in NH4
+-N availability (Figure 2.4; Table 2.3). Finally, while higher soil temperatures 

were identified as a driver of increased NH4
+-N availability at the seasonal scale (Figure 2.4), we 

found plant available nitrogen was lowest early in the summer monsoon when temperatures 
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were hottest (Figures 2.1 and 2.2; Tables 2.2 and 2.3). 

 

 
Figure 2.4 A structural equation model (SEM) depicting causal relationships among rainfall size and frequency 
(Rain Size and Rain Freq; orange), time (Month; orange) soil moisture and temperature (SVWC and STemp; yellow), 
soil organic matter (SOM; pink), nitrogen-acquiring ecoenzymatic activities (LAP and NAG; green), and their 
respective influence on soil nitrogen availability (NH4+-N and NO3--N; blue) over the summer monsoon. 
Exogenous variables are enclosed in rectangular boxes and endogenous variables are enclosed in boxes with 
rounded corners. Line width and arrow size are proportional to the strength of each relationship, with single-headed 
arrows indicating directional effects and double-headed arrows linking covariates. Positive relationships are 
indicated by black lines, with negative relationships in red. Path coefficients, the sign of their effect (positive or 
negative), and significance level are noted along each path, where *** p ≤ .001, ** p ≤ .01, * p ≤ .05. R2 values 
denote the proportion of variance explained by the model for NH4+-N and NO3--N. Additional variances explained 
by the model included SVWC (R2

 
= 0.35), STemp (R2

 
= 0.41), SOM (R2

 
= 0.04), LAP (R2

 
= 0.08), and NAG (R2

 
= 

0.24). Summary metrics indicate the model is well-fitted to the data: χ2(22, n = 234) = 29.66, p ≥ .05; RMSEA = .04 
with CI90: (.00, .07), p ≥ .05; CFI = 0.99; SRMR = .04. 
 

 

2.4 Discussion 

We used a rainfall manipulation experiment to determine the pulse response and duration of 

plant available nitrogen following monsoon rain events that varied in size and frequency 

throughout a summer monsoon in a northern Chihuahuan Desert grassland. We also examined 
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