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Abstract High daily temperature range of soil (DTR_;)
negatively affects soil microbial biomass and activity, but
its interaction with seasonal soil moisture in regulating eco-
system function remains unclear. For our 5-year field study
in the Chihuahuan Desert, we suspended shade cloth 15 cm
above the soil surface to reduce daytime temperature and
increase nighttime soil temperature compared to unshaded
plots, thereby reducing DTR; (by 5 °C at 0.2 cm depth)
without altering mean temperatures. Microbial biomass
production was primarily regulated by seasonal precipi-
tation with the magnitude of the response dependent on
DTR,,;. Reduced DTR_; more consistently increased
microbial biomass nitrogen (MBN; +38 %) than micro-
bial biomass carbon (MBC) with treatment responses being
similar in spring and summer. Soil respiration depended pri-
marily on soil moisture with responses to reduced DTR;
evident only in wetter summer soils (+53 %) and not in dry
spring soils. Reduced DTR; had no effect on concentra-
tions of dissolved organic C, soil organic matter (SOM),
nor soil inorganic N (extractable NO; -N + NH,"-N).
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Higher MBN without changes in soil inorganic N suggests
faster N cycling rates or alternate sources of N. If N cycling
rates increased without a change to external N inputs
(atmospheric N deposition or N fixation), then productiv-
ity in this desert system, which is N-poor and low in SOM,
could be negatively impacted with continued decreases in
daily temperature range. Thus, the future N balance in arid
ecosystems, under conditions of lower DTR, seems linked
to future precipitation regimes through N deposition and
regulation of soil heat load dynamics.
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Introduction

Arid systems inherently experience high daily temperature
range of air (DTR,;,), but the variability and magnitude of
soil surface temperatures on a daily basis are even more
extreme as the daily temperature range of soil (DTR;) at
the surface can vary over 40 °C (Hadley 1970; Nobel 1989).
High DTR_; has been shown to adversely impact micro-
bial biomass (Biederbeck and Campbell 1973; van Gestel
et al. 2011), microbial growth (Biederbeck and Campbell
1973) and function (Zhu and Cheng 2011). DTR;, has been
decreasing globally since the 1950s because of minimum
temperatures increasing at a faster rate than maximum
temperatures (Vose et al. 2005); in deserts, the decreasing
trend in DTR,;, has been particularly strong (Zhou et al.
2009). How a decrease in DTR;,, and thus likely DTR;,
will affect microbial processes in deserts is not known. In
addition to high DTR;, arid systems also exhibit large
seasonal differences in microbial dynamics and nutrient
transformations that are linked to water availability (Austin
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et al. 2004; Bell et al. 2008; Collins et al. 2008; Parker and
Schimel 2011). Large fluctuations in soil water potential
(i.e. drying—wetting cycles), aside from influencing soil
heat load dynamics, can promote microbial turnover, soil
organic matter decomposition and mineralization (Kieft
et al. 1987; Austin et al. 2004), resulting in temporary
pulses of higher C and N compared to soils that are con-
tinuously wet (Austin et al. 2004). The fate of the microbial
biomass pool is important because this pool dually func-
tions both as a source and a sink of labile nutrients, and is
thus linked to primary production.

We have a rudimentary understanding of the interaction
between seasonal soil moisture levels and seasonal patterns
of DTR_; in regulating microbial biomass (including the
immobilized N) and nutrient levels. We present data from
a 5-year study in the Chihuahuan Desert that enabled us to
examine the interplay between natural patterns in DTR;
and seasonal moisture in influencing soil microbial biomass
and nutrients. In the Chihuahuan Desert, which is a sum-
mer rainfall dominated system with a dry spring (Reynolds
et al. 2004; Gutschick and Snyder 2006; Collins et al. 2008;
van Gestel et al. 2011), DTR; is high in both seasons (van
Gestel et al. 2011). In the dry spring, microbes are likely
to be in a predominantly dormant state. Dormancy enables
microbes to avoid adverse environmental conditions and
can be achieved by producing endospores, cysts, and other
propagules, or by reducing metabolic activity to a mini-
mum level (Dion and Nautiyal 2008). Desert soil microbes
tolerate temperature extremes better when they are dormant
(Pointing and Belnap 2012). Therefore, microbes in spring
should be less susceptible to daily temperature fluctuations
compared to summer, when precipitation events are more
frequent and microbes are in a higher state of activity.

Our previous field study (van Gestel et al. 2011) in the
Chihuahuan Desert demonstrated that reducing DTR;
down to 15 cm depth with maintenance of daily mean
temperatures positively affected soil microbial biomass
and reduced soil inorganic N (i.e. sum of extractable lev-
els of NH,/-N and NO; -N), particularly during years
when moisture was adequate for the microbial biomass to
respond to imposed changes in DTR. However, some key
issues remain unresolved, including whether: (1) microbial
and nutrient responses to reduced DTR; differ between
wetter seasons (summer) and drier seasons (spring); and
(2) whether decreased soil inorganic N was a result of
increased microbial N uptake. In this 5-year study, in order
to address these key issues, we used a new shading design
that elevated the shade cloth to reduce DTR;; and main-
tained daily mean temperature while minimizing differ-
ences in soil moisture between control and shaded plots.
We hypothesized that (1) a reduction in DTR_; would
increase soil microbial biomass and soil respiration rates to
a greater degree in the warmer, wetter summer compared
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with the cooler, drier spring, and (2) that increases in
microbial biomass nitrogen (MBN) in response to DTR
would coincide with lower soil inorganic N.

soil

Materials and methods
Study site and climate

The study site is located in the Chihuahuan Desert at Big
Bend National Park in Texas (29.23°N, 103.17°W). Soils
are loamy-skeletal hyperthermic Ustic Haplocalcids from
the Corozones series (Cochran and Rives 1985), and are
sparsely vegetated with Larrea tridentata ([DC] Cov.;
creosotebush) which is the dominant shrub species. Mean
annual air temperature is 19.4 °C (1981-2010; http://www.
ncdc.noaa.gov), with average maximum air temperatures
of 27.9 °C in spring and 33.7 °C in summer, and average
minimum temperatures of 12.1 °C in spring and 20.1 °C
in summer. Mean annual precipitation (MAP) is 342 mm
(1983-2012). Average spring (March-May) rainfall is 17 %
of MAP (59 mm) and 47 % of MAP (160 mm) in summer
(June—August).

Since the 1950s, seasonal DTR, has declined by
0.20 °C/decade in spring and by 0.28 °C/decade in sum-
mer http://www.ncdc.noaa.gov; Fig. 1), which emphasizes
the importance of determining effects of reduced DTR;
in these two seasons with distinct moisture patterns. The
other two seasons exhibited a weak negative DTR,;, trend

Winter Spring

Slope = -0.20 °C/decade | ]
a P=0.02, r’=0.08 b

—_ . Slope = -0.20 °C/decade
- 2 =
_ 10.0 : : L P-(IJ.001,r _0_I15
& Summer Fall
£ 200 - .
o c Slope = -0.28 °C/decade d P=0.053, * = 0.05
P<0.001, r*=0.33
17.54
«. o
_'.... * ... ...- .. .
s o A TR o o
..o... : '. *  een e
1- ° .
10.04 T T T L T T T
1960 1980 2000 1960 1980 2000
Year

Fig. 1 Daily temperature range of air (DTR;,) averaged for a winter,
b spring, ¢ summer, and d fall, from 1955 to 2013 at Panther Junc-
tion, Big Bend National Park (http://www.ncdc.noaa.gov/; Panther
Junction COOP ID 416792). Air temperatures are recorded at 1.5 m
above the soil surface. Seasons are subdivided as follows: Winter
December—February; Spring March—-May; Summer June—August; fall
September—November
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(winter) or the trend was not significantly different from
zero (fall; Fig. 1).

Experimental design and environmental monitoring

Soil temperature manipulation began in 2009 by elevating
shade cloth (50 % white poly-ethylene fabric; Gempler’s®,
Madison, WI, USA) 15 cm above the soil surface in five
plots (Fig. S1, supplementary material). The shade cloth
was attached to a 4 x 3 m PVC frame and held in place
with grommets and cable ties; an additional five 4 x 3 m
plots served as controls (no shading). All plots are perma-
nent. There is no visible cryptogamic presence at our grav-
elly site; if endolithic cyanobacteria are present (i.e. living
inside rocks), we assume the shade cloth will have little
direct effect on organisms that already live in the shade.

To capture the spring and summer seasons we col-
lected soils in March, May, and July in 2009, and biannu-
ally thereafter (2010-2013) in March (spring) and August
(summer) for a total of 11 sampling dates. On each sam-
pling date, we collected 20 samples total (i.e. two samples
per plot) from unvegetated shrub interspaces inside the
plots. Soils were collected from the 0—15 cm soil layer with
a hand shovel, sieved to 2 mm and kept at 4 °C until ana-
lyzed (<1 week).

Air (at 1 m height) and soil temperatures were recorded
every 30 min using HOBO® data loggers (H08-031-08
for air and HOBO® Pendants for soil; Onset Computer,
Bourne, MA, USA). Soil temperatures were recorded
near the soil surface at 0.2 cm depth to avoid direct sun-
light and at 15 cm. Soil volumetric water content (VWC)
was recorded every 2 h at 15 cm soil depth using EM-50
data loggers and EC-5 dielectric ECH20 probes (Decagon
Devices, Pullman, WA, USA). We recorded VWC at 15 cm,
because it is located within the 10-30 cm soil layer utilized
by a variety of annual and perennial desert plants (Noy-
Meir 1973).

Microbial biomass C and N

Soil microbial biomass C (MBC) and N (MBN) were
assayed using field-moist soil within 2 days of collection
using the chloroform-fumigation extraction technique
(Brookes et al. 1985; Vance et al. 1987). Briefly, from
each soil sample, we weighed 4 sub-samples on a 5-g dry
weight equivalent basis. One pair was fumigated for 48 h
with chloroform while the other pair was left un-fumigated.
Soils were extracted with 50 ml of 0.5 M K,SO,. The solu-
tion was filtered using Whatman® Grade 43 filter paper and
measured at 280 nm (Nunan et al. 1998) as well as ana-
lyzed via a TOC-TN analyzer (Shimadzu, Kyoto, Japan).
The increase in extractable C and N in K,SO, extracts in
the fumigated set compared to the non-fumigated set were

converted to MBC and MBN using a kg value of 0.45
(Vance et al. 1987; Joergensen 1996) and a kgy factor of
0.54 (Jenkinson 1988), respectively. The K,SO,-extracted
C in non-fumigated soils was used as a proxy for dissolved
organic C (DOC) (Jones and Willett 2006; Zeglin et al.
2007). This proxy for DOC may include inorganic C (e.g.,
carbonates) and may thus overestimate actual DOC.

Nutrients, soil organic matter and gravimetric moisture

Extractable NH,"-N, NO; -N (2 M KCl) and soil organic
matter (SOM) were analyzed by Waters Agricultural Labo-
ratories (Owensboro, KY, USA) within 5 days of collec-
tion. In addition to VWC, which best represents seasonal
moisture patterns, we also measured gravimetric water con-
tent (GWC) to evaluate moisture conditions during the day
of sampling. Our soils may contain gypsum and could lose
water from the crystal structure. Therefore, we determined
GWC by drying soils at 70 °C until constant weight.

Seoil CO, efflux

From March 2009 until March 2011, we measured soil
respiration rates on the same day as soil sample collec-
tions. Soil CO, efflux was measured in each plot using the
LI-6400 and attached soil respiration chamber (LI-6400-
09; LI-COR, Lincoln, NE, USA), which was placed on per-
manently installed PVC collars. Measurements were taken
within a 2-h window in the morning (0830-1030 hours)
and we alternated between measuring control and DTR
plots. The CO, drawdown-rise cycle was repeated three
times and the computed CO, efflux values were averaged
for each plot.

Statistical analyses

Statistics were performed in R (R Core Team 2013).
First, we performed a mixed-model analysis of variance
(ANOVA) using the ‘lme’ function (Pinheiro et al. 2012)
with season, treatment, year and all pairwise compari-
sons (only DOC had a significant 3-way interaction) as
fixed effects to determine whether soil variables (MBC,
MBN, NH4+—N, NO;™-N, SOM, GWC, soil respiration)
in spring responded differently to a reduction in DTR;
compared to summer, and whether patterns were similar
across years. For soil respiration, measured from 2009
until spring 2011, we omitted 2011 data because of his-
toric severe drought that preceded the measurement.
Because of non-independence of the data (plots were
repeatedly sampled) we included plot ID as a random
effect. We opted to use the model without temporal auto-
correlation (using months since start of experiment as the
time variable) because these models had lower AIC values.
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Second, we used redundancy analyses (RDA; ‘rda’ func-
tion;) to determine whether the relationship between envi-
ronmental conditions (DTR;, soil T,,,, and soil mois-
ture) and belowground responses differed between DTR
plots and control plots. For this, we calculated the average
environmental conditions during the 5-day period prior
to each sampling date and related this to our suite of soil
responses. We chose the 5-day window because anteced-
ent conditions during the previous 5 days may be more
important than current-day alone for a variety of desert
ecological processes which can respond to abiotic factors
at relatively short time scales (Ogle et al. 2015). Data were
centered and scaled prior to running the RDA to account
for differences in units and ranges. We performed a total
of four RDA analyses, each with 30 observations per vari-
able in spring and 25 in summer, by separating the dataset
by season (spring and summer) and treatment (control and
DTR plot). MBN data were excluded in the RDA because
missing MBN data (in spring 2011) would have excluded
the suite of other variables measured during that period in
the RDA analyses. However, to address prediction 2, we
examined whether the relationship between MBN and
inorganic N differed between DTR plots and control plots.
For this, we used a mixed-model analysis of covariance,
where treatment was included as a fixed effect, plot ID as
a random effect, and NO; —N as the covariate. Variables
were log-transformed when necessary to meet assump-
tions of homoscedasticity. Confidence intervals (CI) of
the means are reported at the 2.5 and 97.5 quantiles (i.e.
95 % CI) following a bootstrap approach of 5000 itera-
tions. The a-level was set at 0.1 to accommodate the high
variability commonly observed in our ecosystem.

Results

Seasonal temperature and moisture during study
period

The third year (2011) was an extreme drought year exhibit-
ing the hottest air temperatures of the experimental period
(air T,y Was 4.2 °C higher in spring and 3.3 °C higher in
summer compared to the 30-year average of 20.5 °C and
27.1 °C, respectively), while the other study years were
similar to the 30-year average. Likewise, mean soil surface
temperatures in control plots were highest in 2011 com-
pared to the other study years due to a combination of high
T,..x and high T, . . Seasonal soil surface temperatures dur-
ing the study period (with the exception of 2011) exhibited
an average T, of 15.0 °C and a T, of 51.6 °C in spring,
while summers were hotter, with an average 7,;, of 24.0 °C
and a T, of 60.4 °C. Compared to these averages, 2011

max
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had 2.6 °C higher T,,,, in both seasons, and 7T}, was 1.7 °C
higher in both seasons, rendering 2011 the hottest year.

However, the fifth year (2013) experienced the highest sur-

face DTR; due to a combination of high 7, ,, and lowest
T nin> Tesulting in a DTR;, of 41.2 °C in both seasons, com-

pared to a DTR; of 35.5 °C in both seasons for the other
years.

The 2011 drought affected 26 % of the contiguous
USA (http://www.ncdc.noaa.gov), with no rainfall from
September 2010 until late July 2011 (Fig. 2c¢). Typi-
cal for this desert, summer precipitation was usually
higher than in spring (Fig. 2c), except in the fourth year
(2012) when they were of similar magnitude in both sea-
sons (ca. 110 mm). Highest seasonal precipitation was
received in summer of 2010 [213 mm, mostly in June
(61 mm) and July (129 mm)]. Continuous measurements
of soil moisture (VWC), more indicative of seasonal
moisture patterns, showed that generally soils were wet-
ter in summer in summer [7.9 %; with 95 % confidence
interval (CI) of 7.6-8.3 %] compared to spring (5.7 %;
with 95 % CI of 5.5-6.0 %). However, spot measure-
ments of soil moisture (GWC) during sample collection
determined that soils collected in spring could be drier
(2009), wetter (2010) or similar (2011-2013) to summer
soils (Fig. 3).

Shading effects on the soil environment

With the exception of the extreme drought year (2011), the
shade plots were cooler during the day and warmer dur-
ing the night compared to control plots at 0.2 cm depth,
but not at 15 cm depth. Henceforth, all references to soil
temperatures (including DTR;) are for the 0.2 cm soil
depth. The daytime reduction and nighttime increase of soil
temperatures were equivalent in magnitude, thereby effec-
tively reducing DTR;; (P < 0.001) without altering T, ...
(P = 0.74; Fig. 2a). In spring, shade plots experienced
DTR,; of 32.4 °C (—4.1 °C difference in DTR compared
to control; Fig. 2b) and 30.6 °C in summer (—5.8 °C dif-
ference in DTR compared to control). From March until
August 2011, during the severe drought, DTR.; was
greater or similar in shade plots compared to control plots.
In the year of highest DTR; (2013), shading was effective
in reducing DTR;; by 4.0 °C on average (37.2 °C in DTR
plots compared with 41.2 °C in control plots).

Temporal patterns of VWC (from data loggers) were the
same between shaded and control plots (P = 0.52). Gravi-
metric water content (GWC), measured during soil col-
lections only, was not affected by shading, except in 2009
(Fig. 3; Table 1; P < 0.05). Given that moisture differences
were minimized between plot types we will henceforth
refer to our shade plots as DTR plots.
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Fig. 2 a Example of the effect
of shade cloth on soil surface
thermal regime over a 24-h
period (midnight to midnight);
values are averaged over the
period July—December 2012.

b Daily soil temperature range
(DTR) measured in control and
DTR,; reduction plots during
2009-2013. Values are pre-
sented as 5-day averages of the
preceding 4 days and the current
day. ¢ Daily volumetric water
content in control and DTR;
reduction plots in response to
precipitation events from Janu-
ary 2009 through October 2013.
Total spring (spr) and summer
(sum) precipitation are indicated
for each year
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plots, with similar or lower MBC thereafter (Fig. 3a). This
resulted in a wide CI of relative change in MBC from DTR

The first 3 years (2009-2011) showed a more consistent  plots compared to control plots, with 2-52 % (95 % CI)
pattern of higher MBC in DTR plots compared to control ~ higher MBC in DTR plots compared to control plots in
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Fig. 3 Mean and 95 % CI (5000 bootstrap iterations) of the follow-
ing soil variables during spring and summer of 2009-2013: a micro-
bial biomass carbon (MBC), b microbial biomass nitrogen (MBN), ¢
extractable NO; —N, d extractable NH4+—N, e soil respiration rates

spring, while these values were 17-150 % (95 % CI) in
summer (Table 1). The upper CI of the summer response
was largely driven by high MBC relative to control plots
at the end of the extreme drought period, shortly after
the first rainfall events, in summer 2011. In terms of sea-
sonal patterns, MBC was higher, similar or lower in spring
compared to summer, depending on year, but was overall
78 % higher (41-125 % CI) in summer (127 mg kg~!) than
spring (72 mg kg~ '; Table 1).

MBN showed a more consistent positive response to
reduced DTR; throughout the study period compared
to MBC. MBN increased to a similar degree in spring
(32 %; 10-51 % CI) and summer (43 %; 20-73 % CI)
in response to reduced DTR,; (Fig. 3b). The strong-
est response occurred in summer of the second year
(2010), when MBN was twofold higher in DTR plots
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(Ryi)> f K,SO,—extractable dissolved organic carbon (DOC), g soil
organic matter (SOM), and h gravimetric water content (GWC) at
time of sampling. Non-overlapping Cls indicate that means are sig-
nificantly different

(22 mg kg~!) compared to control plots (11 mg kg™ ';

Fig. 3d; P < 0.001). There was a strong main effect of
season (P < 0.001) on absolute MBN, with 85 % (62—
111 % CI) higher MBN (comparable to summer MBC
increases) in summer (9.8 mg kg~') compared to spring
(5.3 mg kg™ h.

Inorganic soil N

There were no long-term positive or negative trends
in extractable NO; —N in response to reduced DTR
(Fig. 3c). Rather, NO; N was highly variable, within and
across years, with either similar or lower values in DTR
plots compared to control plots. There was a marginally
significant seasonal effect on overall NO;™-N, with 18 %
(9-29 % CI) higher NO; N in summer (6.4 mg kg™h
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Table 1 Five-year seasonal data (period 2009-2013) of microbial
biomass carbon and nitrogen (MBC, MBN), inorganic N, K,SO,
extractable dissolved organic C (Ck,s0,), gravimetric water content

(GWO), soil organic matter (SOM) and soil respiration rates (R,;) in
control and DTR plots (n = 5)

Season/treatment MBC (mg kg™!) MBN (mgkg™!) NH,*-N NO, —N Ck,50," GWC (%) SOM (%) R,
(mgkg™)  (mgkg™)  (mgkg™) (umol m~? 5™
Spring
Control 63 (54-75) 4.6 (44-4.7) 2.1(1.5-3.0) 5.8(5.5-6.1) 128 (118-139) 4.0(3.94.1) 0.90 (0.87-0.92) 0.60 (0.42-0.85)
DTR; 80 (72-86) 6.0 (5.0-6.9) 2.0(1.5-2.8) 5.1(4.6-5.5) 131(120-144) 4.5(4.3-4.8) 0.97 (0.92-1.02) 0.67 (0.51-0.87)
Summer
Control 92 (69-123) 8.0 (7.1-8.8) 1.5 (1.4-1.6) 6.5(6.1-6.8) 129 (121-136) 3.7 (3.4-4.1) 0.98 (0.94-1.02) 0.72 (0.51-0.94)
DTR; 162 (121-206)  11.5(9.9-13.1) 1.4 (1.3-1.5) 6.3 (5.5-7.2) 137 (125-151) 4.2(3.8-4.6) 1.02 (0.98-1.08) 1.10 (0.73-1.58)
% Trt change
Spring 26 % (2-52) 32 % (10-51) 12 % (—25-76)
Summer 75 % (17-150) 43 % (20-73) 53 % (—6-146 %)
% Change
Summer vs. 78 % (41-125) 85 % (62-111) 18 % (9-29) =7 % [—1-(—14)] 7 % (3-12) 43 % (1-102 %)
spring
Mixed-model P values
Treatment (T) 0.04 0.02 0.38 0.11 0.83 0.56 0.17 0.32
Season (S) 0.001 <0.001 0.75 0.09 0.20 0.01 0.07 <0.001
Year (Y) <0.001 <0.001 0.002 <0.001 0.01 <0.001 <0.001 0.28
T xS 0.24 0.72 0.71 0.58 0.18 0.63 0.92 0.05
TxY 0.08 0.19 0.06 0.29 <0.001 0.66 0.37 0.65
SxY 0.002 0.36 0.47 0.26 0.51 0.33 0.91 <0.001

The percent change relative to control is shown when the main effect of treatment (T) or T x season were significant. Seasonal differences are
shown as % change between summer and spring values when the season effect was significant. Values in parentheses represent the 95 % CI
(5000 bootstrap iterations). P values were obtained using a mixed-model with treatment, season, year and all pairwise interactions as fixed

effects, plot ID as the random effect. P values <0.1 are in bold
* Significant 3-way interaction

# Soil respiration rates (R

compared to spring (5.4 mg kg™ '), corresponding to higher
summer precipitation compared to spring (Fig. 2c).

There was high inter- and intra-annual variability in
NH, "N in response to reduced DTR;,, which resulted
in an overall (all years combined) non-significant effect
of treatment on NH4+—N (Fig. 3d; Table 1). Further-
more, NH, N did not differ between spring and summer
(1.7 mg kg~! on average).

Soil CO, efflux rates, DOC and SOM

Although the main effect of treatment was not significant,
there was a significant season X treatment interaction
(Table 1) with higher soil CO, efflux rates in DTR plots
compared to control plots in summer (453 %), but not
spring despite concurrent higher MBC in spring. In sum-
mer, higher soil CO, efflux rates coincided with either
similar (2009) or higher MBC (2010). There was a sig-
nificant main effect of season, with 43 % higher soil CO,
efflux rates in summer compared to spring (Table 1); soil
respiration rates depended strongly on moisture conditions
(Fig. 3e, h), with lowest rates at 0.1 pmol CO, m2s'in

) represent 2-year means for spring and summer (spring 2011 data were excluded)

March 2011 due to lack of rainfall since September 2010,
while a maximum rate of 2.5 pmol CO, m™? s~ was
observed in moist soil in summer 2009.

There was no significant main or interactive effect of
shading and season on overall K,SO, extractable C (DOC;
Table 1), but there was a significant treatment x year effect
on DOC showing a pattern of DOC in DTR plots diverging
from control plots starting in the third year (2011; Fig. 3f).
SOM exhibited a seasonal trend with generally higher val-
ues in summer compared to spring (+7 %; 3-12 % CI,
Table 1).

Redundancy analyses

Between 33 and 55 % of the variance in soil responses
(MBC, NO;-N, NH,*-N, DOC and SOM) were
explained by the variance in T, DTR_; and soil moisture
(Fig. 4a—d). Arrows in Fig. 4 are the scores that reflect the
nature (angle of arrows) and strengths (lengths of arrows)
of the relationships of the explained portion of the data.
Variables can be related positively (arrows in same direc-

tion), negatively (arrows in opposite direction), or have
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no correlation (arrows at right angles). Despite that con-
trol plots experienced higher soil temperatures than shade
plots DTR;, not 7,,,,, was a negative predictor of MBC
in spring (Fig. 4a), while both temperature variables were a
negative predictor of MBC in summer (Fig. 4c). In contrast,
for DTR plots, neither temperature variables were predic-
tors of MBC in spring (Fig. 4b), while in summer they
were positive predictors of MBC (Fig. 4d). Another impor-
tant predictor of MBC was VWC, with a generally positive
relationship between the two across seasons and treatment.

Soil moisture was consistently an important posi-
tive predictor of NO; —-N regardless of season or treat-
ment, while it generally was a negative predictor or not

Control
a Spring
nh4
b3 DTRsoil <.
b .\ doc
3 ° Trmax === = ho3
< \
2 som \
mbc' VWC
R2=0.36, P=0.005
H T T
2 -1 0 1 2
RDA1 (61.7%)
c Summer
nh4
2
© .
S no3 DTRsoLI_
~ e mbé <= = max
< VvWC <7 doc
a
c J
- | som
R?=0.33, P=0.005
H T T T T
2 -1 0 1 2

RDA1 (67.8%)

Fig. 4 Visual representation of redundancy analyses in spring for
control a and shade plots b, and in summer for control ¢ and shade
plots d. The angle of the two arrows reflects the nature of the rela-
tionship between the variables (i.e. positive if in similar direction,
negative if in opposite direction, and no relationship at right angles).
Arrow length indicates the strength of that relationship. Explanatory
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correlated to NH,*-N. In contrast, DTR,; was consist-
ently a negative predictor of NO; —N levels, but not an
important predictor of NH,*-N except in spring control
plots (Fig. 4a). Soil moisture was also important in modu-
lating thermal regime, particularly in summer with higher
soil moisture in summer resulting in a reduction in both
T, and DTR ;.

For SOM, the predictors differed between seasons
but the pattern was consistent regardless of temperature
manipulation; in spring, soil T,,,, was a positive predictor
of SOM, while in summer NH,*-N negatively correlated
with SOM. No consistent pattern emerged in determining
predictors for DOC.

Shade
b Spring
no3
3 nh4
~
=] dock
T o vwe
2 DTRsoil ¢ /|
o : lr’ mbc
_ v ‘Tmax
-
som 5
R“=0.55, P=0.005
b T T T
2 -1 0 1 2

RDA1 (49.9%)

d Summer
- - som VWC
— Ve no3
R
0 /
o o 2
3] Z
< mbc Zr
2 oo
DTRsgil “¥ nh4
- 4 Tmax
R2=0.43, P=0.005
!\Il -

RDA1 (51.2%)

variables (dashed arrows) are the 5-day average volumetric soil mois-
ture (vwc), daily temperature range of soil (DTR;) and daily maxi-
mum soil temperatures (T,,,,) prior to soil collections. The response
variables (solid arrows) are microbial biomass C (mbc), extractable
NO;™-N and NH,-N (NO;, NH,), soil organic matter (som), and
dissolved organic C (doc)
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Fig. 5 Relationship between extractable NO;™—N and microbial bio-
mass N (MBN) for control (open) and DTR plots (closed) during the
2009-2013 study period (r = 0.53). Shaded areas represent the 95 %
confidence intervals of the regression lines. Results of a linear mixed-
model analysis of covariance are presented

MBN and NO; -N relationship

Pearson correlation analyses showed that MBN, soil mois-
ture, and NO; —-N were positively inter-correlated (all
P < 0.001), with a strong positive correlation between
MBN and NO; N (Fig. 5; r = 0.53). Partial correlations
showed that two pairwise combinations were significant
(P < 0.001): (1) between NO; -N and MBN (r = 0.31)
after removal of moisture effects, and (2) between soil
moisture and NO; -N (r = 0.60) after removal of MBN
effects.

We also found that DTR plots exhibited a different rela-
tionship between MBN and NO,; —N with higher MBN at
lower NO; N levels than in control plots. This resulted in
a significantly higher intercept for DTR plots compared to
control plots (Fig. 5).

Discussion

A simultaneous decrease in soil T,,,, and increase in soil
T o (€. reduced DTR;)) resulted in higher MBC in both
seasons in the first 3 years but not in the final 2 years, while
MBN more consistently showed an increase in response
to reduced DTR;. Contrary to our hypothesis, the posi-
tive response of microbial biomass to decreased DTR;
was similar in both spring and summer, and not limited to
summer periods when soils are typically wetter and warmer
than spring. Respiration rates, measured in both seasons for
the first 2 years of the study, were strongly positively linked
to ambient moisture (which was not affected by our treat-
ment), with responses to DTR manipulation evident only in
summer. Soil respiration was unaffected by DTR manipu-
lation in spring despite concurrent higher MBC in DTR

plots compared to control plots. This suggests that reduced
DTR,; reduced the loss of C per unit of microbial biomass
in spring. Our results are inconclusive regarding our second
hypothesis because higher MBN coincided on occasion
with lower inorganic N, but not always.

Responses to reduced DTR,; in spring and summer

Microbes in dry grassland soils have been shown to still
exhibit minimal activity (Xiang et al. 2008; Parker and
Schimel 2011), suggesting that microbes can be meta-
bolically active at extreme low moisture. For example, an
important microbial group, the fungi, can produce hyphae
throughout the dry summer season despite volumetric
soil moisture content <5 % (Treseder et al. 2010). Fungi
are the dominant microbial group in Chihuahuan Desert
soils and more drought-tolerant than bacteria (Collins
et al. 2008; Bell et al. 2009; Clark et al. 2009). We have
no visible biocrust on the soil surface nor lichen on rocks,
but do not rule out the presence of surface-dwelling pho-
tosynthetic organisms. We suspect soil respiration rates to
be predominantly from non-photosynthetic soil microbes,
because we sampled soils down to 15 cm in unvegetated
shrub interspaces. Low, but positive soil respiration rates
were observed during extended dry periods at our site, even
during the 2011 drought, which suggests that microbes
(most likely fungi) remained at low levels of metabolic
activity, and, therefore, could have benefited from reduced
DTR,,; despite seasonal differences in soil moisture status.
Consistent with our previous study (van Gestel et al. 2011),
the effect of shade cloth in increasing soil respiration rates
was more apparent in wet soils. Consequently, in this study,
CO, efflux rates were higher in DTR plots compared to
control plots during the comparatively wetter summer and
not in spring. In summer, MBC was either similar (2009) or
higher (2010) in DTR plots during times when soil respira-
tion was measured. Higher respiration without a concomi-
tant increase in MBC suggests that in 2009 reduced DTR;
enhanced activity of the soil microbes, while in 2010 higher
CO, efflux rates in DTR plots reflected greater microbial
biomass. A lack of respiration response to DTR manipu-
lation treatment in spring, despite concurrent increases in
microbial biomass, indicates that relatively less C was lost
(i.e. lower soil respiration rates) per unit microbial biomass
in response to reduced DTR ;. Lower respiration rates per
unit microbial biomass are an indication of higher carbon
use efficiency (CUE; proportion of assimilated C used for
building biomass). A possible, but untested, explanation for
higher CUE in response to lower DTR;, in dry spring soils
is reduced ‘energy spilling” compared to high DTR; (i.e.
control plots). Energy spilling, suggested to increase with
warming (Bradford 2013), is a mechanism whereby ATP is
not used for growth or maintenance but is instead wasted
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to increase survival (Russell 2007). Another plausible
mechanism for higher CUE is lower maintenance energy
costs, thereby increasing the proportion of energy used for
growth. Energy demands for maintenance are assumed to
vary with temperature (Alvarez et al. 1995; Sinsabaugh
et al. 2013; but see Dijkstra et al. 2011). Alternatively, there
could have been increases in abundances of members in the
microbial communities with higher CUEs (e.g., bacteria
vs. changes in the dominance of specific fungal phyla) that
responded positively to lower DTR in spring. Regardless of
the mechanism, the impact of changes in temperature (Alli-
son et al. 2010; Dijkstra et al. 2011) and moisture (Herron
et al. 2009) on CUE is still relatively unknown.

We hypothesized that higher MBN in response to
reduced DTR,;; was due to increased N immobiliza-
tion of inorganic N in soil. We reject this hypothesis
as NO;7—-N was either similar or lower in response to
reduced DTR,_; and NH,7-N did not change. The posi-
tive relationship between MBN and NO; —N reflected
seasonal differences in soil moisture rather than treat-
ment differences, with MBN and NO; -N increasing
with increasing soil moisture. If higher MBN was due to
NO; ™ -N uptake, we would still expect a positive associa-
tion between MBN and NO; ™ -N, but with values in DTR
plots shifted relative to control plots to reflect higher
MBN and lower NO; —N than control plots. Higher
MBN without a concomitant reduction in inorganic N
could result from (1) faster N cycling due to treatment-
induced shifts in gross N transformation rates (e.g., min-
eralization, ammonification, (de)nitrification, and gase-
ous N loss) such that production and subsequent removal
of N negated each other (Jin and Evans 2007), or that
(2) microbes have access to other sources of N, such as
amino acids with fast turnover rates (Jones 1999; Jin and
Evans 2007). We propose that future studies incorporate
stable isotope pool dilution techniques to more accu-
rately address the fate of N cycling in response to climate
change factors.

Responses to natural seasonal variation
in environmental conditions

Seasonal patterns in belowground dynamics, independent
of our temperature manipulation, were distinct with higher
MBN and MBC, SOM and higher soil respiration rates, in
summer compared to spring. These findings were antici-
pated because drought in spring often limits physiologi-
cal activity of microbes and reduces diffusion of nutrients,
thereby further limiting metabolic activity (Robertson et al.
1997; Yuste et al. 2007). Furthermore, plant physiological
activity is highest in summer (Robertson et al. 2009; Pat-
rick et al. 2009), suggesting greater root exudation of car-
bon, which could increase microbial activity.
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Along with higher summer MBN values, NO; —N was
also higher during the wetter summer season and lower
during the drier spring, leading to a positive association
between MBN and NO; N that is linked through precipi-
tation. Perhaps improved hydrologic connectivity during
the wetter summer months facilitated diffusion of NH, -
N to sites where nitrifier populations were present (Parker
and Schimel 2011), such that nitrification rates increased
NO; -N levels. Alternatively, or in conjunction to
improved hydrologic connectivity, perhaps rainfall events
resulted in increased N deposition, as is often observed
in our desert (Herrmann et al. 2000; Béaez et al. 2007);
according to the National Atmospheric Deposition Program
(NADP) and Clean Air Status and Trends Network, our site
receives 2.1 kg N ha~! year™! (1998-2013) in the form of
wet and dry deposition, thereby potentially increasing N
availability. In sum, precipitation events can modulate inor-
ganic N by promoting physiological activity of the nitrifier
populations, and more directly via increased deposition of
N (Stursova et al. 2006), resulting in a positive relationship
between MBN and NO;™—N.

Seasonal environmental predictors

The variance in temperature variables (T}, and DTR ;)
and soil moisture explained up to 55 % of the variance in
microbial and soil conditions. Soil moisture was an impor-
tant predictor of MBC regardless of treatment and season,
while temperature variables (DTR,; and T,,) differed
in their relationship to MBC: in control plots, both tem-
perature variables (particularly DTR;) and moisture were
important predictors of MBC, while in DTR plots the tem-
perature variables were either not predictors or positive
predictors of MBC. This suggests that DTR plots lessened
temperature stress on the microbial community and as such
soil moisture was a more accurate predictor. DTR; has
been shown to shape the temperature sensitivity of bacte-
rial communities in these desert soils to a greater degree
than seasonal temperatures, because bacteria living near the
soil surface (0-5 cm; high DTR;) had a greater range of
growth temperatures than those in the deeper 15-0 cm soil
layer (lower DTR;); however, the temperature sensitiv-
ity of bacteria at both soil depths did not change from the
cool season to the hot season (van Gestel et al. 2013). By
reducing temperature stress associated with high DTR; in
our study, we showed that DTR;; does influence microbial
biomass production in arid systems but is bounded by the
extent of natural variability in this parameter. For example,
in 2013, which experienced the highest values in natural
DTR over the year, even our manipulations of DTR through
shading were insufficient to promote a positive response
in MBC. These results suggest that microbial response to
DTR,,; for this arid ecosystem is a threshold-regulated

S0



Oecologia (2016) 180:265-277

275

parameter. Perhaps the key to better understanding the role
of DTR in soil and microbial processes is by determin-
ing when DTR becomes important in controlling soil and
microbial processes and when it does not. While microbial
biomass production and attendant nitrogen dynamics in
arid ecosystems are primarily regulated by water, the mag-
nitude of the microbial response to soil moisture will be
dependent on DTR

soil*

Implications of reduced DTR_;
Reduced DTR_; enabled microbes to construct more bio-
mass in spring and summer. It is unclear whether reduced
DTR,; resulted in faster soil N cycling rates, or whether
alternate sources of N were used to generate higher MBN
in response to a reduction in DTR;;, but greater microbial
biomass production can only be sustained if there are con-
current increases in N availability (through greater net N
mineralization, N fixation or atmospheric N deposition). If
increased MBN resulted only from faster internal N cycling
(i.e. not through N fixation or atmospheric deposition),
this could have a negative effect on desert productivity. In
systems other than deserts (e.g., prairie grassland and arc-
tic ecosystems), faster N cycling could enhance plant pro-
ductivity (Schimel et al. 1990; Shaver et al. 1992), but in
deserts the internal N source, the soil organic matter, is
inherently very low. The dominant plant species, Larrea
tridentata, had not altered their physiological activity in
response to DTR; in our previous study at the site (van
Gestel et al. 2011) and are, therefore, not likely to increase
N input through litter. Thus, soil N may decrease in the
longer term in this N-poor system. However, if microbes
accessed external inorganic N from atmospheric deposi-
tion, then this could be a mechanism to increase soil fertil-
ity by reducing N losses from N volatilization (because N
now resides in microbes and no longer susceptible to vola-
tilization). High N volatilization in desert soils (McCalley
and Sparks 2009) is a predominant pathway that leads to
a nearly 80 % loss of incoming atmospheric N (Peterjohn
and Schlesinger 1990). Thus, the future N balance under
conditions of lower DTR seems linked to future precipita-
tion regimes, through N-deposition or N fixation patterns
and regulation of soil heat load dynamics.
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