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Drylands are key contributors to interannual variation in the terrestrial carbon sink,
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ANPP to precipitation, as well as other drivers of environmental change, such as ni-
trogen deposition and fire. Yet long-term measurements of BNPP are rare, contrib-
uting to uncertainty in carbon cycle assessments. Here, we used 16years of annual
NPP measurements to investigate responses of ANPP and BNPP to several environ-
mental change drivers across a grassland-shrubland transition zone in the northern
Chihuahuan Desert. ANPP was positively correlated with annual precipitation across
this landscape; however, this relationship was weaker within sites. BNPP, on the other
hand, was weakly correlated with precipitation only in Chihuahuan Desert shrubland.
Although NPP generally exhibited similar trends among sites, temporal correlations
between ANPP and BNPP within sites were weak. We found chronic nitrogen en-
richment stimulated ANPP, whereas a one-time prescribed burn reduced ANPP for
nearly a decade. Surprisingly, BNPP was largely unaffected by these factors. Together,
our results suggest that BNPP is driven by a different set of controls than ANPP.
Furthermore, our findings imply belowground production cannot be inferred from
aboveground measurements in dryland ecosystems. Improving understanding around
the patterns and controls of dryland NPP at interannual to decadal scales is funda-
mentally important because of their measurable impact on the global carbon cycle.
This study underscores the need for more long-term measurements of BNPP to im-
prove assessments of the terrestrial carbon sink, particularly in the context of ongoing
environmental change.
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1 | INTRODUCTION

Drylands, which currently occupy 45% of the terrestrial land surface
and account for 40% of global net primary production (NPP), are un-
dergoing accelerated expansion worldwide as a consequence of an-
thropogenic climate and land-use change (Burrell et al., 2020; Huang
et al., 2016, 2017; Pravalie et al., 2019). These characteristically
water-limited ecosystems are disproportionately impacted by large-
scale climatic anomalies, such as the El Nifo-Southern Oscillation,
that contribute strongly to patterns of interannual variation in the
terrestrial carbon sink (Ahlstrém et al., 2015; Houghton, 2000;
Poulter et al., 2014). While other perturbations facing drylands,
such as increased nitrogen deposition (Fenn et al., 2003), altered
fire regimes (Aslan et al., 2018), and shrub encroachment (D'Odorico
et al., 2012), also contribute to regional variation in the terrestrial
carbon cycle (Keenan & Williams, 2018), considerably less is known
about the longer-term implications of such disturbances in dryland
ecosystems.

Despite being a key regulator of the global carbon cycle, cur-
rent knowledge around the patterns and controls of dryland NPP
is based largely on measurements of aboveground production,
particularly in the context of altered precipitation regimes. Indeed,
several broad-scale analyses have found aboveground net primary
production (ANPP) to be especially sensitive to changes in mean
annual precipitation in water-limited ecosystems (Hsu et al., 2012;
Huxman et al., 2004; Knapp & Smith, 2001; Maurer et al., 2020),
although temporal relationships between ANPP and precipita-
tion are often weaker than spatial relationships due to legacy ef-
fects as well as local-scale vegetation and soil characteristics (Sala
et al., 2012; Ukkola et al., 2021). Yet, belowground net primary pro-
duction (BNPP) is the main contributor to soil organic carbon (Sokol
& Bradford, 2019), which represents the largest terrestrial carbon
pool (Janzen, 2004; Scharlemann et al., 2014). Consequently, BNPP
represents a significant proportion of total NPP in dryland ecosys-
tems (Gherardi & Sala, 2020). While limited evidence provided by
recent meta-analyses suggests ANPP and BNPP in water-limited
ecosystems exhibit dissimilar responses to changes in precipitation
(Wang et al., 2022; Wilcox et al., 2017; Wu et al., 2011; J. Zhang
et al., 2021), and that soil properties may play a more important role
than climate in driving BNPP responses (Sun et al., 2021), long-term
empirical measurements of BNPP are exceedingly rare. Yet these
data are essential for strengthening connections between dryland
ecosystem dynamics and the global carbon cycle.

The predominantly arid and semiarid ecosystems of the south-
western United States (US) have been especially impacted by cli-
mate change in recent decades (Friedlingstein et al., 2022), with
high temporal and spatial variation in carbon storage capacity
(Biederman et al., 2017). Recent studies have revealed that precip-
itation patterns have become increasingly variable throughout this
region (Maurer et al., 2020; F. Zhang et al., 2021), with climate mod-
els projecting greater intensification of the hydrologic cycle into the
future (Diffenbaugh et al., 2008; Moustakis et al., 2021). However,
precipitation alone cannot fully explain year-to-year variation in

carbon cycle processes, particularly over local and regional scales
(Lauenroth & Sala, 1992). Atmospheric nitrogen deposition, which
is strongly correlated with growing season precipitation (Baez
et al., 2007), is increasing in many dryland regions as a consequence
of anthropogenic activities (Fenn et al., 2003). Although nitrogen
is an important limiting resource for dryland ecosystem processes
(Austin et al., 2004; Hooper & Johnson, 1999; Yahdjian et al., 2011),
evidence from the Sonoran and Chihuahuan Deserts suggests ni-
trogen enrichment may only stimulate greater ANPP in years with
above average precipitation (Hall et al., 2011; Ladwig et al., 2012).
Conversely, findings from semiarid Inner Mongolian grasslands in-
dicate that BNPP declines with nitrogen addition (Bai et al., 2015; Li
etal, 2011; Wang et al., 2019).

Fire is also a key driver of vegetation change in dryland eco-
systems (Andela et al., 2013; Aslan et al., 2018; Hély et al., 2019;
Humphrey, 1974). In Chihuahuan Desert grasslands for example,
ANPP tends to recover slowly following fire (Drewa & Havstad, 2001;
Gosz & Gosz, 1996; Parmenter, 2008), whereas burning has limited
effects on BNPP (Burnett et al., 2012). However, fire can counteract
the early stages of woody shrub encroachment in desert grasslands
(Li et al., 2022; Ravi et al., 2009; Sankey et al., 2012; White, 2011),
which has significant implications for regional carbon cycle dynamics
(Archer et al., 2017; Barger et al., 2011). Indeed, the reduction of fine
fuel loads caused by intensive livestock grazing is thought to be a
primary driver of rapid shrub encroachment that occurred through-
out the southwestern US in the 20th century (Archer et al., 2017,
Grover & Musick, 1990; Van Auken, 2000, 2009). Consequently, fire
continues to be a common management practice for preserving pas-
toral economies in many dryland regions (Hanan et al., 2021).

Current understanding around the patterns and controls of
dryland NPP at interannual to decadal scales is relatively poor,
contributing to uncertainty in assessments of the terrestrial car-
bon sink (Friedlingstein et al., 2022; Keenan & Williams, 2018; Niu
et al., 2017). To address this knowledge gap, we used 1éyears of
data to explore temporal patterns of ANPP and BNPP in response
to several key drivers of environmental change across a grassland-
shrubland transition zone in the northern Chihuahuan Desert. We
asked: (1) How does precipitation affect temporal patterns of ANPP
and BNPP within and among sites? (2) How well are ANPP and BNPP
correlated within and among sites? (3) How do nitrogen enrichment
and fire affect temporal patterns of ANPP and BNPP within a site?

2 | MATERIALS AND METHODS
2.1 | Studyarea

This study was conducted using 16years of data (2005-2020) from
three long-term research sites situated along a grassland-shrubland
transition zone in the Sevilleta National Wildlife Refuge (NWR),
central New Mexico, USA (Figures S1 and S2). Here, Great Plains
grassland dominated by blue grama (Bouteloua gracilis) transitions
into Chihuahuan Desert shrubland dominated by creosote bush
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(Larrea tridentata) along a north-to-south gradient separated by
a narrow ecotone of Chihuahuan Desert grassland dominated by
black grama (Bouteloua eriopoda; Gosz, 1993; Gosz & Gosz, 1996).
Dominant species account for up to 80% of total ANPP within each
of these ecoregions (Muldavin et al., 2008; Peters & Yao, 2012), and
there is considerable overlap of subordinate species among ecore-
gions (Hochstrasser & Peters, 2004; Kréel-Dulay et al., 2004).

This dynamic region provides an ideal location for studying eco-
system responses to environmental change. Rapid encroachment of
native C, evergreen shrubs into native perennial C, grasslands began
in the mid to late 1800s throughout central and southern New Mexico,
coinciding with the influx of large-scale cattle ranching (Gross & Dick-
Peddie, 1979; Grover & Musick, 1990; Van Auken, 2000, 2009). After
more than a century of historically high stocking rates and extensive
overgrazing, domestic livestock were permanently excluded from
the Sevilleta NWR in 1973 (Parmenter, 2008; Rand-Caplan, 2006).
Unencroached grasslands have since recovered (Collins & Xia, 2015),
but are periodically subjected to lightning-caused wildfires or pre-
scribed management burns (Parmenter, 2008).

Soils in this region of the Sevilleta NWR are classified as Typic
Haplocalcids formed by calcareous aeolian and alluvial deposits (Soil
Survey Staff, 2019). Soil texture in the top 30cm, where the majority
of root biomass occurs (Gibbens & Lenz, 2001; Jackson et al., 1996;
Kurc & Small, 2007; McCulley et al., 2004), consists of 60%-68%
sand, 22%-30% silt, and 10% clay, with 10%-15% as CaCO, (Kieft
et al., 1998). A petrocalcic layer, ranging from 72-80cm beneath the
soil surface in Great Plains grassland to 26-29cm in Chihuahuan
Desert shrubland, further constrains moisture infiltration and root-
ing depth (Buxbaum & Vanderbilt, 2007; Gibbens & Lenz, 2001,
Schenk & Jackson, 2002). Atmospheric nitrogen deposition occurs
primarily through wet deposition at a rate of 0.2gm™?year?, with
57% deposited as NH, and 43% deposited as NO, (Baez et al., 2007).
Low deposition rates combined with a low abundance of nitrogen
fixers in biological soil crusts (Fernandes et al., 2018, 2022) contrib-
ute to nutrient-poor soils throughout the region (Brown et al., 2022;
Zak et al., 1994).

Climate parameters in the Sevilleta NWR have been recorded
continuously for over three decades by a spatially distributed net-
work of automated meteorological stations (Moore, 2021) that
include the Five Points station, located in the Chihuahuan Desert
grassland and shrubland ecotone (34.3350° N, 106.7293° W, ele-
vation 1613 m; Figure S1), and the Deep Well station, located in the
Great Plains and Chihuahuan Desert grassland ecotone (34.3592°N,
106.6911°W, elevation 1600m; Figure S1). From 1990 to 2020,
mean annual water year precipitation (MAP) recorded by the Deep
Well station was 233+ 9.6 mm, with approximately 51% falling be-
tween July and September from localized convective storms driven
by the North American Monsoon. Consequently, sporadic win-
ter and spring precipitation together with monsoon rainfall cre-
ate distinct spring and fall growing seasons in this region (Notaro
et al., 2010). Mean annual temperature recorded over this same 31-
year period was 13.7+0.0°C, with monthly temperatures ranging
from 25.4+0.2°Cin July to 1.3+0.3°C in December.

S i ey L

2.1.1 | Plains grassland

In 1995, a long-term nitrogen fertilization experiment was estab-
lished in Great Plains grassland (34.4012°N, 106.6765° W, elevation
1562 m; Figures S1 and S2a). This experiment consisted of twenty
5x10m plots with 10 fertilized plots receiving 10gNm™2year™ ap-
plied as ammonium nitrate (NH,NO,) each June prior to the sum-
mer monsoon, and the remaining 10 unfertilized plots serving as
ambient controls (Ladwig et al., 2012). In 2004, four permanently
located 1m? quadrats were established within each replicate plot,
enabling nondestructive measurements of seasonal ANPP (Rudgers
et al., 2019; see Section 2.2) in 80 quadrats at this site (n,pp=40
per treatment) until fall 2019 when measurements were reduced to
two quadrats per plot (n,ypp=20 per treatment). In fall 2004, root
ingrowth donuts (Milchunas et al., 2005; see Section 2.3) were in-
stalled in 20 plots (ngpp= 10 per treatment), resulting in the first an-
nual measurements of BNPP in 2005. Precipitation records for this
site (hereafter referred to as plains grassland) were provided by the

Deep Well meteorological station.

2.1.2 | Ecotone grassland

In June 2003, a prescribed fire burned approximately 1200ha en-
compassing the ecotone where Great Plains and Chihuahuan Desert
grasslands converge (Burnett et al., 2012). In 2004, seasonal meas-
urements of ANPP began in 40 permanently located 1m? quadrats
in burned grassland (34.3583°N, 106.6878°W, elevation 1601 m;
Figures S1 and S2b) as well as in unburned grassland located ~35m
to the west across a firebreak (34.3586°N, 106.6911°W, eleva-
tion 1601 m; Figure S1), serving as ambient controls (n,ep=40 per
treatment). In fall 2004, root ingrowth donuts were installed in the
burned and unburned grasslands, respectively (ngypp=10 per treat-
ment), resulting in the first annual measurements of BNPP in 2005.
In August 2009, a lightning-caused wildfire swept through the un-
burned grassland. Consequently, fall measurements of ANPP did not
occur in these quadrats, which were later relocated to another area
within the Great Plains and Chihuahuan Desert grassland ecotone
that was unaffected by either the 2003 or 2009 fires (34.3363°N,
106.7019° W, elevation 1620 m; Figure S1). In spring 2010, seasonal
measurements of ANPP were reduced (n ,,pp =30 per treatment) and
in spring 2017, ANPP measurements were not collected. In spring
2019, seasonal measurements of ANPP ceased in burned grassland.
Precipitation records for this site (hereafter referred to as ecotone

grassland) were provided by the Deep Well meteorological station.

2.1.3 | Desert shrubland

In Chihuahuan Desert shrubland (34.3331°N, 106.7350° W, eleva-
tion 1611 m; Figures S1 and S2c), seasonal measurements of ANPP
began in 1999 in four permanently located 1 m? quadrats that were
established within four 5m? plots on the cardinal points along the
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perimeter of five 200m diameter small mammal trapping webs
(Muldavin et al., 2008; Parmenter et al., 2003). In spring 2004,
seasonal measurements of ANPP were reduced to two quadrats
per plot in each of the five webs (n,pp=40). In fall 2004, root in-
growth donuts were installed between two of the trapping webs
(ngnpp=10), resulting in the first annual measurements of BNPP in
2005. Precipitation records for this site (hereafter referred to as
desert shrubland) were provided by the Five Points meteorological

station.

2.2 | Aboveground NPP

Aboveground NPP was determined using a nondestructive allo-
metric scaling approach based on height and cover measurements
of individual plants recorded in permanently located 1m? quadrats
in each of the three study sites during the spring (April-May) and
fall (September-October) growing seasons (Muldavin et al., 2008).
Species-level ANPP was estimated using linear regression models
of weight-to-volume ratios, where intercepts were forced through
the origin, developed from reference specimens harvested from ad-
jacent areas (Rudgers et al., 2019). Annual ANPP per quadrat was
calculated as the sum of peak seasonal (spring or fall) ANPP for each
species.

2.3 | Belowground NPP

Permanently located root ingrowth donuts (Milchunas et al., 2005)
were used to estimate annual BNPP within each of the three sites
from O to 30cm in depth, where moisture infiltration is highest
and most roots are concentrated (Gibbens & Lenz, 2001; Jackson
et al., 1996; Kurc & Small, 2007; McCulley et al., 2004; Schenk &
Jackson, 2002). All methods used to estimate BNPP have their bi-
ases, including the potential to underestimate production as well
as the secondary effects of soil disturbance (Neill, 1992; Tierney
& Fahey, 2007; Zhou et al., 2012). Nevertheless, root ingrowth do-
nuts have been determined to provide conservative, but reliable
and repeatable comparative estimates of BNPP with minimal soil
disturbance (Milchunas, 2009). Root ingrowth donuts were created
by excavating a 20.3 cm diameter by 30cm deep hole and lining the
outer wall with 2x2mm plastic mesh. Next, a 15.2cm diameter
by 30cm tall polyvinyl chloride (PVC) cylinder was inserted into
the center of the hole and filled with sandbags to hold it in place.
Sieved soil (2mm mesh) was then added to the space between the
PVC cylinder and the plastic mesh, creating a donut-shaped cylin-
der of root-free soil into which roots can grow. At the conclusion of
each successive fall growing season, this cylinder of soil was har-
vested, and a fresh batch of sieved root-free soil obtained from the
surrounding area was used to reconstruct the root ingrowth donut
for the next annual harvest. Following harvests, soils were passed
through a 2mm sieve and roots were floated in water for collection.
Roots were subsequently dried at 60°C for 48h and weighed. To

calculate BNPP, root weights were divided by the area of the root
ingrowth donut and scaled up to 1m? to enable comparisons with
ANPP (Diabate et al., 2018).

2.4 | Statistical analyses

In this study, we analyzed 16years of data (2005-2020), reflecting
the period during which both ANPP and BNPP data were collected
from all three sites. To determine within-site responses of ANPP
and BNPP to nitrogen enrichment and fire in the plains and eco-
tone grasslands, respectively, we constructed repeated measures
linear mixed-effects models for each site using the nime package in
R (Pinheiro et al., 2020), where the interaction between year and
treatment was a fixed effect and sampling location, which included
an appropriate nesting structure to match the experimental design
of each site, was a random effect. Models also included a continu-
ous first-order autoregressive correlation structure to account for
temporal autocorrelation. NPP data were natural log transformed
to satisfy assumptions of normality (evaluated using Q-Q plots) and
homoscedasticity (evaluated by plotting residuals against fitted val-
ues). Post-hoc Tukey's honest significant difference pairwise com-
parisons were used to assess differences in treatment effects over
time, which were considered statistically significant when p<.05.
Pearson correlations were used to investigate relationships between
NPP and annual water year precipitation as well as between ANPP
and BNPP within and among sites. All analyses were conducted using
R version 3.6.3 (R Core Team, 2020).

3 | RESULTS

Mean annual NPP over our 16-year study was generally low but ex-
hibited moderate to high interannual variation (Figure 1; Table 1).
ANPP ranged from 97.3+8.9gm™ in burned ecotone grassland to
142.6+17.5gm™2 in fertilized plains grassland, which also had the
highest temporal variability in ANPP (Table 1). BNPP was lower
than ANPP in most years, ranging from 70.1+11.2gm™2 in burned
ecotone grassland to 86.1 + 17.2gm’2 in unfertilized plains grassland
(Figures 1 and 4; Table S1). BNPP was also far less temporally and
spatially consistent than ANPP. This was especially apparent in de-
sert shrubland, where temporal variability in ANPP was relatively
low (Figure 1c) but exhibited the highest temporal variability in
BNPP compared to other sites (Figure 1f; Table 1).

3.1 | How does precipitation affect temporal
patterns of NPP within and among sites?

Precipitation over our 16-year study generally tracked the longer-
term regional climate record (Figure 2). MAP recorded within our
study region was 229.4+9.5mm, or ~2% less than the long-term
mean. Within sites, ANPP was significantly correlated with annual
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(a) Plains Grassland

(b) Ecotone Grassland .
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(c) Desert Shrubland
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FIGURE 1 Sixteen years (2005-2020) of mean annual above- (a-c) and belowground (d—f) net primary production (NPP; gm™) in three
long-term research sites situated along a grassland-shrubland transition zone, with plains grassland in blue, ecotone grassland in orange,

and desert shrubland in green. Solid lines and filled points reflect NPP in the ambient controls within each of the three sites, whereas dashed
lines and hollow points reflect NPP in the fertilized (10gNm™2year ) and burned (in 2003) treatments in the plains and ecotone grasslands,
respectively. Error bars indicate standard errors of the means. Asterisks indicate significant within-site differences by year, where ***p <.001,
**p<.01, *p <.05. Pearson's r(df) and p-values reflect the strength and significance of the overall temporal correlation between treatments
within the two grassland sites. Additional summary statistics are provided in Table 1. [Colour figure can be viewed at wileyonlinelibrary.com]

precipitation in both unburned and burned ecotone grassland, but
not in plains grassland (Figure 3a; Table 1; Table S1). ANPP in de-
sert shrubland exhibited the strongest within-site temporal correla-
tion with annual precipitation (Figure 3a; Table 1). Desert shrubland
was also the only site across the transition zone where BNPP ex-
hibited a weak, but significant correlation with annual precipitation
(Figure 3b; Table 1). Across the landscape, ANPP was significantly,
but weakly correlated with annual precipitation (Figure 3a); how-
ever, we found no equivalent correlation between BNPP and annual

precipitation among sites (Figure 3b).

3.2 | How are above- and belowground NPP
correlated within and among sites?

Overall, within-site temporal correlations between ANPP and BNPP
were generally weak to nonexistent except in burned ecotone grass-
land (Figure 4; Table 2). Across the landscape, we found ANPP to
be significantly correlated among ambient controls in all three sites

(i.e., unfertilized plains grassland, unburned ecotone grassland, and
desert shrubland; Figure 5). In other words, ANPP generally exhib-
ited similar trends among sites each year, with the strongest corre-
lations occurring between the two grasslands as well as between
ecotone grassland and desert shrubland. BNPP among ambient con-
trols was not as well correlated at the landscape scale, with only the
two grassland sites and the plains grassland and desert shrubland
exhibiting similar significant trends (Figure 5).

3.3 | How do nitrogen enrichment and fire affect
temporal patterns of NPP within a site?

Annual nitrogen fertilization resulted in significantly greater ANPP
in plains grassland in 8 of the 16years (Figure 1a), with fertilized
plains grassland exhibiting the greatest overall ANPP among all
sites over our study period (Table 1). In contrast, BNPP was highly
correlated between unfertilized and fertilized treatments in plains
grassland and not significantly impacted by nitrogen fertilization
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TABLE 1 Summary statistics of above- and belowground net primary production (NPP; g m™2year™) within each site and treatment (also,
see Figure 1). Means +standard errors (SEs) reflect NPP over the 16-year study (2005-2020), whereas minimum (min) and maximum (max)
values reflect the lowest and highest mean annual NPP observed over the study period. Coefficients of variation (CV; %) reflect within-
treatment interannual variability in NPP. Pearson's r values indicate the strength and directionality of overall temporal correlations between
NPP and water year precipitation, and R? values indicate the proportion of variance in NPP explained by precipitation (also, see Figure 3).
Degrees of freedom (df) for Pearson's r was 14, except for aboveground NPP in burned ecotone grassland, where df was 12.

Net primary production

Precipitation

Mean + SE
Site Treatment gm2year?
Aboveground Plains grassland Unfertilized 106.2+9.5
Fertilized 142.6 +17.5
Ecotone grassland Unburned 124.1+9.0
Burned 97.3+8.9
Desert shrubland Ambient 122.3+9.6
Belowground Plains grassland Unfertilized 86.1+17.2
Fertilized 75.9+15.9
Ecotone grassland Unburned 70.7+12.0
Burned 70.1+11.2
Desert shrubland Ambient 82.0+16.8
Note: Significant relationships (p <.05) are in bold font.
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FIGURE 2 Mean annual precipitation (mm) per water year
(October-September) recorded by both the Deep Well and Five
Points meteorological stations during the 16-year study (2005-
2020). Error bars indicate standard errors of the means. [Colour
figure can be viewed at wileyonlinelibrary.com]

(Figure 1d). Overall, ANPP was lowest in burned ecotone grassland
(Table 1) following a one-time prescribed management burn, tak-
ing 9 years to recover to unburned levels of production (Figure 1b).
Like nitrogen fertilization in plains grassland, fire had little impact
on BNPP in ecotone grassland. The only notable differences oc-
curred 8-9years following the prescribed burn, when BNPP was
significantly lower in the burned treatment than in the unburned
treatment (Figure 1e).

Min + SE Max + SE cv
gm2year? gm2year? % r R? p-Value
46.3+4.9 169.8+9.8 35.9 47 .22 .067
55.7+4.9 287.3+14.5 49.1 36 13 177
53.3+3.6 189.0+11.7 29.0 .60 .36 <.05
38.1+3.9 150.0+5.4 34.1 .68 46 <.01
41.9+10.4 181.9+31.2 314 .82 .66 <.001
20.7+4.8 304.2+47.7 79.8 -12 .01 .664
17.4+4.4 276.0+63.2 83.9 -.09 .01 727
19.5+3.6 183.3+22.6 67.6 17 .03 541
13.1+2.2 153.9+19.2 63.8 40 16 421
9.6+2.5 193.1+20.4 82.2 .49 .24 <.05

4 | DISCUSSION

We used 16years of empirical data to explore spatiotemporal dy-
namics of ANPP and BNPP across a grassland-shrubland transition
zone in the northern Chihuahuan Desert. Characteristic of dryland
ecosystems, NPP varied through time and space, with BNPP exhib-
iting consistently higher variation than ANPP. Although ANPP was
significantly correlated with annual precipitation at the landscape
scale, this relationship was less consistent within sites. BNPP was
generally unaffected by any of the environmental change drivers we
explored here, other than exhibiting a significant response to annual
precipitation in desert shrubland. Moreover, we found the temporal
relationship between ANPP and BNPP to be extremely weak overall.
Chronic nitrogen enrichment tended to stimulate aboveground pro-
duction, resulting in significantly greater ANPP in plains grassland
during half of the years in our study, as well as the greatest overall
ANPP across the landscape. In contrast, fire had strong negative im-
pacts on ANPP in ecotone grassland, which took 9 years to return to
prefire levels of production following a one-time prescribed man-
agement burn.

We found ANPP to be significantly correlated with annual pre-
cipitation in ecotone grassland, regardless of burn status, as well as in
desert shrubland. Our results complement earlier findings that ANPP
in both Chihuahuan Desert grassland and shrubland was positively
correlated with annual precipitation (Muldavin et al., 2008). NPP in
desert shrubland exhibited the strongest overall relationship with
precipitation, which in the context of predicted increases in precip-
itation variability, has been shown to promote production in desert
shrubland at the expense of desert grassland (Gherardi & Sala, 2015).
Although a strong spatial relationship exists between mean annual
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(mm year’l) across a grassland-shrubland transition zone over the 16-year study (2005-2020), with plains grassland in blue, ecotone
grassland in orange, and desert shrubland in green. Filled points represent ambient controls in all three sites, whereas hollow points
represent fertilized (10gNm™2year™) and burned (in 2003) treatments in the plains and ecotone grasslands, respectively. Error bars

indicate standard errors of the means. Solid linear regression lines reflect significant temporal correlations between NPP and precipitation
within ambient controls, whereas dashed linear regression lines reflect significant temporal correlations within the fertilized and burned
treatments (refer to Table 1 for corresponding within-treatment statistics). R? values indicate the proportion of variance in NPP explained by
precipitation among sites over time, with Pearson's r(df) and p-values indicating the strength and significance (p <.05) of these relationships.
Solid gray regression lines reflect significant correlations among sites over time. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Relationships between above- and belowground net primary production (NPP; gm_Zyear'i) within sites across a grassland-
shrubland transition zone over the 16-year study (2005-2020), with plains grassland in blue (a), ecotone grassland in orange (b), and desert
shrubland in green (c). Filled points represent ambient controls in all three sites, whereas hollow points represent fertilized (10gNm 2 year™)
and burned (in 2003) treatments in the plains and ecotone grasslands, respectively. Error bars indicate standard errors of the means. Linear
regression lines indicate significant (p <.05) within-site relationships (refer to Table 2 for corresponding summary statistics). Dotted gray lines
indicate the 1:1 relationship between above- and belowground NPP within each site. [Colour figure can be viewed at wileyonlinelibrary.com]

ANPP and mean annual precipitation (Huxman et al., 2004; Knapp & and less predictable (Lauenroth & Sala, 1992; Maurer et al., 2020;
Smith, 2001; Sala et al., 1988), temporal relationships between ANPP Sala et al., 2012; Ukkola et al., 2021) as we also found in this study.
and precipitation at local and regional scales are often much weaker A previous analysis found no correlation between ANPP and mean
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TABLE 2 Relationships between above- and belowground net
primary production (NPP; g m’zyear’l) over the 16-year study
(2005-2020) within each site and treatment (also, see Figure 4).
Pearson's r values indicate the strength and directionality of overall
temporal correlations between above- and belowground NPP, and
R? values indicate the proportion of variance in aboveground NPP
explained by belowground NPP and vice versa. Degrees of freedom
(df) for Pearson's r was 14, except for aboveground NPP in burned
ecotone grassland, where df was 12.

Site Treatment r R? p-Value
Plains grassland Unfertilized .05 .00 .845
Fertilized .20 .04 452
Ecotone Unburned .31 .10 .242
grassland Burned .60 36 <05
Desert Ambient .21 .04 439
shrubland
Note: Significant relationships (p <.05) are in bold font.
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FIGURE 5 Relationships between above- (green) and
belowground (brown) net primary production (NPP) among ambient
controls in all three sites over the 16-year study (2005-2020).
Pearson's r(df) and p-values indicate the strength and significance
(p=.05) of these relationships, with significant relationships
indicated by bold text and darker shading. [Colour figure can be
viewed at wileyonlinelibrary.com]

annual precipitation in our study area between 1999 and 2008 (Sala
et al., 2012), which suggests the importance of long-term studies,
especially in drylands where interannual variability in precipitation
tends to be high. Surprisingly, BNPP did not exhibit a significant or
consistent relationship with precipitation across this transition zone,
despite limited evidence from other terrestrial ecosystems show-
ing otherwise (Wang et al., 2022; Wilcox et al., 2015, 2017; Wu
et al.,, 2011). However, the spatial scale of our study was relatively
limited in comparison.

We found little evidence that BNPP was temporally correlated
with ANPP within a site, consistent with earlier findings in this region
(Burnett et al., 2012; Ladwig et al., 2012). Across the landscape, we
found temporal variability in ANPP was generally higher in grass-
lands compared to shrubland, supporting earlier findings (Knapp
& Smith, 2001). In contrast, temporal variation of BNPP was quite
high in all sites, especially in desert shrubland, which exhibited some
of the highest temporal variability in BNPP across the landscape.
Although ANPP exhibited similar trends across the landscape, the
spatial relationship between plains grassland and desert shrubland
was weaker and somewhat less significant than relationships among
the other sites. Given that plains grassland and desert shrubland
were located furthest away from each other suggests there may
be a distance limitation at which the spatial correlation of ANPP
breaks down across this grassland-shrubland transition zone. This
may be attributed to high spatial variability in precipitation (Petrie
et al.,, 2014). Although the strongest ANPP relationships occurred
among sites situated closer to each other, this was not the case for
BNPP, which was less temporally and spatially correlated overall.
This may be due to differences in soil texture (Kieft et al., 1998)
and depth to the petrocalcic layer (Buxbaum & Vanderbilt, 2007).
Indeed, emerging evidence suggests that edaphic characteristics,
such as soil texture and pH, may exert a stronger influence on BNPP
in dryland ecosystems (Sun et al., 2021; Wang et al., 2021).

The positive effects of nitrogen enrichment on ANPP were not
surprising given that nitrogen is second to water as the most import-
ant limiting resource for ecological processes in dryland ecosystems
(Austin et al., 2004; Yahdjian et al., 2011). Although previous studies
have found Chihuahuan Desert grassland to be steadily encroaching
northward into Great Plains grassland (Collins et al., 2020; Collins
& Xia, 2015; Peters & Yao, 2012), others have shown nitrogen en-
richment tends to favor plains grassland over desert grassland (Baez
et al., 2007; Collins et al., 2010; Ladwig et al., 2012). Our results sug-
gest that Great Plains grassland may respond favorably to increased
rates of atmospheric nitrogen deposition in the future, potentially
counteracting encroachment trends in this region. BNPP, on the
other hand, was generally unaffected by nitrogen enrichment, ex-
tending earlier findings that nitrogen enrichment does not impact
BNPP in this system (Ladwig et al., 2012). Our results also comple-
ment a few other short-term studies conducted in cold semiarid
grasslands of Inner Mongolia that found nitrogen enrichment had
no impact on BNPP, even when water limitation was alleviated (Gao
etal, 2011; Gong et al., 2015; Li et al., 2011).

It has been hypothesized that as water availability becomes less
limiting to dryland ecological processes, ecosystem sensitivity to
precipitation decreases, and the limitation of other resources in-
creases (Huxman et al., 2004). However, plains grassland was the
only site within our study area where ANPP was not significantly
correlated with annual precipitation. Furthermore, we found no evi-
dence to support the hypothesis that nitrogen limitation is alleviated
only in years with above average precipitation (Ladwig et al., 2012).
While outside the scope of this study, the timing and magnitude
of rain events can play an important role with respect to nitrogen
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limitation of NPP in desert grasslands. Although rain events have
become smaller and more frequent in this region over the past cen-
tury, infrequent large rain events during the growing season signifi-
cantly influence total precipitation amounts (Petrie et al., 2014), and
have been found to significantly reduce plant available nitrogen that
would otherwise be stimulated by small frequent events (Brown
et al., 2022). Moreover, small frequent and large infrequent growing
season rain events have been found to result in comparable rates
of ANPP, and it is only under nitrogen enrichment that large infre-
quent rains significantly increase ANPP over ambient conditions, al-
beit at the cost of reducing the abundance of the dominant species
(Brown, 2022).

A prescribed fire negatively impacted ANPP, but not BNPP, for
nearly a decade in ecotone grassland where Chihuahuan Desert and
Great Plains grasslands converge. Although fire is a common man-
agement practice in semiarid grasslands, our results are consistent
with earlier studies that found fire to have long-term detrimental im-
pacts in Chihuahuan Desert grassland, which is an important source
of forage grasses for wildlife in this region (Drewa & Havstad, 2001;
Gosz & Gosz, 1996; Parmenter, 2008). Yet, whereas Chihuahuan
Desert grassland is especially sensitive to fire, Great Plains grass-
land has been found to recover quickly (Collins et al., 2020; Ladwig
et al., 2014; Parmenter, 2008). The susceptibility of this particular
ecotone to fire has likely resulted in past fluctuations between grass-
land and shrubland states (Humphrey, 1974), influencing the carbon
sequestration capacity of the dominant ecosystems in this region
(Petrie et al., 2015). While many have written about the broad-scale
implications of woody shrub encroachment (e.g., Archer et al., 2017;
Barger et al., 2011; D'Odorico et al., 2012; Knapp et al., 2008), our
study suggests that increased fire frequency, either from natural
causes or as a management practice, could alternately shift this in-
herently dynamic region from Chihuahuan Desert grassland to Great
Plains grassland. While fire has been found to reduce the establish-
ment of young shrubs in this ecotone (Li et al., 2022), our results
together with previous work suggest that prescribed fires are not an
effective management strategy in natural arid and semiarid grass-
lands, particularly in the absence of grazing by domestic livestock
(Liu et al., 2022).

Terrestrial ecosystems sequester nearly one-third of an-
thropogenic CO, emissions through NPP (Ahlstrém et al., 2015;
Friedlingstein et al., 2022; Keenan & Williams, 2018). Given that
dryland ecosystems are expected to comprise half of the terrestrial
surface by the end of this century (Huang et al., 2016), improving
understanding around the patterns and controls of NPP in these
ecosystems is fundamentally important because of the measurable
impact they have on the global carbon cycle. Our study uses the
longest known dataset of empirical measurements of above- and be-
lowground production in a dryland region to demonstrate that BNPP
may be controlled by a different set of drivers than ANPP, such as
edaphic characteristics, and that the effects of environmental
change may differentially impact dryland grasslands and shrublands.
Consequently, estimates of carbon storage cannot be inferred solely
from ANPP measurements. We found that BNPP exhibits greater

S i ey

temporal and spatial variation than ANPP, which likely contributes
substantially to variation in the terrestrial carbon sink. This study
underscores the need for additional long-term empirical measure-
ments, particularly of BNPP, given that it represents the main source
of soil organic matter for carbon storage and sequestration (Sokol &
Bradford, 2019). Given that BNPP represents a significant propor-
tion of total NPP in dryland ecosystems, changes in BNPP would un-

doubtedly result in profound effects on the terrestrial carbon sink.
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