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Budy,  1979) and more recently to extended periods of low precipitation [P: mm] and low soil moisture 

[θ: mm3 mm−3], such as during drought events in the 1950s and early 2000s that resulted in regional tree 

mortality (Allen & Breshears, 1998; Swetnam & Betancourt, 1998; A. P. Williams et al., 2013). Yet, regional 

forest and woodland responses were highly heterogeneous across the SWUS during these drought events, 

and in many cases cannot be attributed solely to decreased total P (Breshears et al., 2005). Similar to other 

semiarid ecosystems, the effects of P on θ in forests and woodlands of the SWUS are shaped by variation in 

local factors including elevation, microclimate, and physical soil properties (Breshears et al., 2005; Koep-

ke et al., 2010). This regional and local heterogeneity in P-θ relationships, as well as historic disturbance 

and exploitation practices, complicates understanding of the ecological consequences of variable P regimes 

across the SWUS.

Climate change is expected to increase variability in seasonal P and alter seasonal patterns of θ availability 

(Allan & Soden, 2008; Bradford et al., 2020), which makes forecasting the consequences of climate change 

for forests and woodlands in the SWUS tenuous. Seasonal periods of both high and low P are predicted to 

become more frequent, and transitions between wet and dry conditions are expected to become more prom-

inent (Allan & Soden, 2008; Demaria et al., 2019; Fischer & Knutti, 2016). Dry periods increase stress to 

trees by increasing the magnitude and duration of θ deficit, and climate change is predicted to intensify dry 

periods through increasing P variability, through temperature-driven increases in evapotranspiration and 

vapor pressure deficit, and by decreasing spring snowpack (Cayan et al., 2010; Seager & Vecchi, 2010; A. P. 

Williams et al., 2013). Thus, climate change is expected to intensify climate associated stressors that have 

already had significant impacts to these ecosystems.

In contrast to the deleterious climate impacts to forest and woodland ecosystems initiated by dry conditions, 

above-average P periods on the scale of multiple days to multiple years are beneficial for coniferous trees, 

may help forest and woodland ecosystems recover from past disturbance events, and may insulate them 

from subsequent dry periods (Brown & Wu, 2005; Swetnam & Betancourt, 1998). Similar to dry periods, 

the positive impacts of high P and associated θ surplus are also influenced by landscape heterogeneity 

(Dobrowski, 2011; Herrmann et al., 2016; Oldfather et al., 2016). Thus, the interplay between the effects of 

beneficial wet periods and deleterious dry periods varies by seasonal P patterns and landscape effects (Van 

Loon & Van Lanen, 2012; Van Loon et al., 2014), and understanding P-θ relationships across landscape 

diversity in the SWUS is a key component of understanding the current and future dynamics of forest and 

woodland ecosystems.

Variability in P forcings complicates understanding of the effects of climate patterns on forest and woodland 

ecosystems by imparting extreme variation in P totals that vary across both space and time. Regionally, in-

terannual variation in the North American monsoon system is a large source of warm season precipitation 

in some areas of the SWUS, and is entirely absent from others (Adams & Comrie, 1997). Variation in the 

North American monsoon is often tied to both summer and winter P totals. Generally, winter P variability 

has greater effects on ecosystem θ dynamics in locations with large differences in winter and summer P 

totals, such as the northern areas of the SWUS that do not experience a strong summer monsoon (Van 

Loon et al., 2014). In more southerly SWUS locations with stronger monsoon rainfall, moisture availability 

and deficit is strongly tied to the occurrence of large rainfall events (Petrie et al., 2014; Van Loon & Van 

Lanen, 2012), and summer P totals may be more ecologically important for forests and woodlands that are 

adapted to respond to summer rainfall (Limousin et al., 2013). Moreover, variability in seasonal P totals and 

P event characteristics can both enhance and reduce the effects of both positive high P and deleterious low P 

in ways that are highly variable over multiyear time periods (Strachan, 2016; Swetnam & Betancourt, 1998). 

By understanding how seasonal P totals influence θ across more northerly and southerly SWUS locations, 

it may be possible to identify general patterns of P-θ relationships, and reduce some of the uncertainty sur-

rounding regional P variability.

At local scales, variation in landscape conditions—especially elevation—imparts a strong control on P totals 

and θ availability. In the SWUS, elevation change is correlated to gradients in vegetation types and structure 

(Whittaker & Niering, 1965), air temperature (Anderson-Teixeira et al., 2011), snowpack magnitude and 

the timing of snowmelt (Hunsaker et al., 2012), and the magnitude of large-scale spring and summer P 

forcings (Zlotin & Parmenter, 2008). Local variation in aspect and elevation has been found to delay or ad-

vance snowmelt and dry season onset by up to 4 weeks (Bales et al., 2011). Aspect, slope, and soil texture are 
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factors that varies across elevation gradients as well as between individual sites that affect P infiltration into 

soil (Blankinship et al., 2014; C. J. Williams et al., 2009). Both regional P forcings and local P-θ interactions 

have great effects on magnitude and timing of θ availability.

Together, the effects of regional and local variation in climate and landscape factors influence where θ is 

stored in the soil profile. θ storage patterns in the soil profile are critically important for different com-

ponents of forest and woodland ecosystems. For instance, in lower-elevation pinyon-juniper woodlands, 

pinyon pines are adapted to utilize θ at shallow soil depths (0–10 cm) that are more readily recharged by 

small rainfall events, whereas junipers (Juniperus osteosperma) may require events that penetrate to at least 

20 cm (West et al., 2007). At higher elevations, θ at very shallow soil depths (0–10 cm) is important for 

ponderosa pine germination, but juvenile survival is tied to the ability of tree seedlings to access θ deeper in 

the soil profile (Petrie et al., 2017). Meanwhile, mature ponderosa pines (60+ years old) can acquire water 

from soil depths that may be as great as 1.5 m deep (Berndt & Gibbons, 1958) and primarily use deeper, 

winter-derived soil moisture (Kerhoulas et al., 2013). Shallow θ (0–10 cm) can receive moisture inputs from 

modest precipitation events, but may be rapidly evaporated (Newman et al., 1997). Conversely, deeper θ 

requires large moisture inputs, often in the form of spring snowmelt or uncommonly large summer rainfall 

events (Kerhoulas et al., 2013). A number of studies predict a future change to the P patterns that partition 

θ between shallow and deeper soil layers (see Bradford et al. [2020], Seager and Vecchi [2010], and Cayan 

et al. [2010] for examples). As a result, not only are regional climate patterns and local landscape patterns 

important for understanding the importance of P-θ relationships in forest and woodland ecosystems of the 

SWUS, it is important to know how these components shape the patterns of belowground θ that control the 

dynamics of these ecosystems.

Wide variation in climate and landscape conditions complicates biophysical understanding of forests and 

woodlands of the SWUS, yet there is opportunity to reduce this uncertainty by identifying similarities and 

differences in P-θ relationships that can be used to anticipate the ecological importance of P variability for 

these ecosystems. In this study, we determined similarities and differences in seasonal P-θ relationships 

for nine semiarid forest and woodland sites in the SWUS (56 years in total). These sites comprised three 

elevation gradients with a combined range of 1,930–3,355 m and exhibit notable differences in regional P 

forcings, yet all are considered semiarid ecosystems with mean annual P less than 600 mm. Our objectives 

were to: (a) identify broad similarities and differences in seasonal P-θ relationships across these sites, (b) 

evaluate how the influence of P (winter snowfall and rainfall, spring and summer rainfall) on θ dynamics 

changed across these sites in wet, average, and dry seasons, (c) determine how P-θ relationships change for 

θ in shallow (0–10 cm, 10–20 cm) versus intermediate (50 cm) depths in the soil profile, and (d) determine 

under what conditions early season θ (winter, spring) informs θ in later seasons (spring, summer). Our eval-

uation of P-θ relationships was based on a novel and relatively simple approach that identified the length 

and properties of winter, spring, and summer based on θ patterns at each individual site in each year. We 

hypothesized that all sites would display a similar pattern of θ recharge and depletion over yearly cycles, 

supporting the conclusion that θ trends at lower elevation sites can be used to anticipate a warmer climatic 

future at higher elevation sites with the influence of climate change. Our study provides insight on broad 

similarities and differences in P-θ relationships across forests and woodlands of the SWUS and identifies the 

P conditions that induce change to these relationships in ways that are likely to be ecologically meaningful.

2. Site Description

Our study included nine forest and woodland sites within three elevation gradients in the SWUS: The Snake 

Mountain Range in northeastern Nevada (NevCAN; https://nevcan.dri.edu), Valles Caldera in northern 

New Mexico (NMEG; https://www.litvaklab.org/new-mexico-elevation-gradient.html), and northern Ar-

izona (SEGA; https://sega.nau.edu/home; Table  1, Figure  1). NevCAN sites included a mixed pine for-

est (Snake Range West Subalpine; NV-H), a white fir forest (Snake Range West Montane; NV-M), and a 

pinyon-juniper woodland (Snake Range Pinyon-Juniper; NV-L). NMEG sites included a mixed conifer for-

est before and after a stand replacing burn (Valles Caldera Mixed Conifer preburn; NM-Hp and Valles Cal-

dera Mixed Conifer postburn; NM-Hb) and a ponderosa pine forest (Valles Caldera Ponderosa Pine; NM-M). 

SEGA sites included a mixed conifer forest (Camp Colton; AZ-H), a ponderosa pine forest and alpine mead-

ow (Arboretum; AZ-M), and a pinyon-juniper woodland (Blue Chute; AZ-L). Abbreviations are designated 
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by location of the site gradient and the site’s placement within that gradient (high, medium, or low); thus, 

an H at one location may be at a lower elevation than an M at another location. Collectively, these sites 

comprise a range of elevations from 1,930 (SEGA) to 3,355 m (NevCAN; Table 1) and cover a range of eco-

systems from pinyon-juniper woodlands to mixed conifer forests. The locations for these sites encompass a 

relatively broad range of climates experienced by forests and woodlands in the SWUS. All sites are semiarid 

forests or woodlands (mean annual P less than 600 mm), but the SEGA and NMEG sites experience mon-

soon-driven summer rainfall, whereas the NevCAN sites experience proportionally lower summer rainfall 

(Table 1). During the time periods of our study, sites experienced wide variation in seasonal P totals, and 

many site-years exhibited above-average P in one season and below-average P in another (Table 2). Mean 

annual temperatures across all nine sites ranged from 1.62°C at the highest elevation site (NV-H) to 11.23°C 

at the lowest elevation site (AZ-L).

3. Methods

3.1. Data Sources and Processing

We obtained precipitation [P: mm] data (nine total sites, Table 1) and evaluated these data at the daily time 

step. Data were sourced from open access data portals: NV-H, NV-M, and NV-L from https://nevcan.dri.

edu/data_download.html, NM-Hp and NM-Hb from https://doi.org/10.17190/AMF/1246122, NM-M from 

https://doi.org/10.17190/AMF/1246121, and AZ-H, AZ-M, and AZ-L from https://data.sega.nau.edu/seg-

aWeb/index.jsp. We obtained PRISM Climate Group 4 km monthly P estimates from 2003 to 2019 for each 

site (15 yr; www.prism.oregonstate.edu; PRISM Climate Group at Oregon State University, 2004), which al-

lowed us to determine wet and dry seasons and year by comparing site data to longer-term PRISM estimates. 
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Name Coordinates
Elevation 

(m) Ecosystem

Mean air 
temperature 

(°C)

Mean 
annual P 

(mm)

Summer 
(JJA) P 

(%)

Winter 
(DJF) 
P (%)

Data range 
(years)

Days 
missing

NevCAN Snake Range 
West Subalpine 
(NV-H)

38.906114, 
−114.308911

3,355 Mixed pine forest 1.62 ± 8.33 490 ± 150 20 26 2013–2018 0

NevCAN Snake Range 
West Montane (NV-M)

38.889838, 
−114.331384

2,810 White fir forest 5.45 ± 8.93 400 ± 110 19 25 2012–2018 0

NevCAN Snake Range 
Pinyon-Juniper (NV-L)

38.892167, 
−114.350044

2,200 Pinyon-juniper 
woodland

9.68 ± 9.34 320 ± 70 21 27 2012–2018 0

NMEG Valles Caldera 
Mixed Conifer 
PreBurn (NM-Hp)

35.888447, 
−106.532114

3,030 Mixed conifer forest 4.38 ± 8.34 580 ± 250 32 24 2007–2010, 
2012

125

NMEG Valles Caldera 
Mixed Conifer 
PostBurn (NM-Hb)

35.888447, 
−106.532114

3,030 Mixed conifer after 
stand replacing 

burn

5.07 ± 7.70 430 ± 60 47 7 2014–2018 0

NMEG Valles Caldera 
Ponderosa Pine 
(NM-M)

35.864231, 
−106.596664

2,500 Ponderosa pine forest 7.22 ± 8.13 430 ± 80 39 17 2008–2018 0

SEGA Camp Colton 
(AZ-H)

35.329, −111.73 2,591 Mixed conifer forest 7.41 ± 0.88 560 ± 80 49 14 2015–2019 50

SEGA Arboretum (AZ-M) 35.16, −111.73 2,200 Ponderosa pine forest 
and alpine meadow

7.12 ± 8.09 300 ± 40 38 19 2015–2019 76

SEGA Blue Chute (AZ-L) 35.58, −111.97 1,930 Pinyon-juniper 
woodland

11.23 ± 8.91 480 ± 100 37 26 2015–2018 134

Note. Means are given with ±1 SD. Mean annual P was calculated using water year. Summer and winter P are given as the percentage of total recorded P 
occurring in those time periods. Data are not gap filled. Due to missing data, the Blue Chute P is determined from PRISM data (PRISM Climate Group at Oregon 
State University, 2004).

Table 1 
Site Descriptions Including Coordinates, Elevation, Ecosystem Type, Mean Annual P, Percent Summer and Winter P, Years of Available Data, and Days of Missing 
θ Data
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We were interested in linking year to year variation in high elevation snowpack to soil moisture at lower ele-

vations, yet station-based snowpack monitoring data from United States Department of Agriculture Natural 

Resources Conservation Service Snow Telemetry (SNOTEL) sites did not comprise sufficient site-years for a 

robust comparison among study locations. We instead obtained Snow Data Assimilation System (SNODAS) 

1 km2 daily snow water equivalent [SWE: mm] estimates for a regional area of 25 km2 surrounding the 

centroid of each elevation gradient from 2003 to 2019 (15 yr; https://nsidc.org/data/g02158; National Oper-

ational Hydrologic Remote Sensing Center, 2004). We averaged the top 25th percentile of cells to estimate 

SWE at the highest elevations at each of our study locations in each year. SWE estimates therefore reflect 

the expected snowpack at high elevation locations within each of our three elevation gradients, which is 

similar to data that obtained from SNOTEL monitoring stations, and not to snowpack at any individual site.

We categorized P totals in each season at each site using site rainfall data, long-term PRISM data, and 

snowfall estimates: above-average (>+25% long-term average), near-average (from +25% to −25%), and be-

low-average (<−25%; Table 2). To categorize winter P at each site, we compared maximum observed SWE in 

each year to average maximum SWE from 2003 to 2019 using SNODAS estimates. To categorize spring and 

summer precipitation at each site, we compared site-measured total P in each season to the average total P 

from 2003 to 2019 from PRISM.

We obtained soil moisture [θ: mm3 mm−3] data and evaluated these data at the daily time step. Data were 

sourced from open access data portals: NV-H, NV-M, and NV-L from https://nevcan.dri.edu/data_down-

load.html, NM-Hp and NM-Hb from https://doi.org/10.17190/AMF/1246122, NM-M from https://doi.

org/10.17190/AMF/1246121, and AZ-H, AZ-M, and AZ-L from https://data.sega.nau.edu/segaWeb/index.

jsp. We did not gapfill θ data, and excluded 2012 at NV-H and 2011 at NM-Hp from our analysis due to 

large θ gaps. Because θ measurement depths differed across sites, we standardized θ data to 0–10 cm and 

10–20 cm depths using weighted averages determined through linear interpolation (Hengl et al., 2014). We 
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Figure 1. Site locations (blue) and areas of snow water equivalent (SWE) estimates (purple).
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(Table 3, Figure 3, Figure 2e–2m for moisture traces at 0–10 cm, Figure B1 for mois-

ture traces at 10–20 and 50 cm). This seasonal framework applied to all site-years. 

NV-L and AZ-L, which were low elevation woodlands that experienced ephemeral 

snow accumulation and sporadic snowmelt during our study, had a longer spring 

season than other sites and no winter season defined by a single day of snowmelt 

initiation (Table 3).

4.2. Seasonal Relationships of High and Low Elevation Sites

We found significant differences in the characteristics of winter, spring, and summer 

between low elevation sites (<2,500  m: AZ-L, AZ-M, NV-L, and NM-M) and high 

elevation sites (>2,800 m: NV-M, NM-Hp, NM-Hb, and NV-H; p < 0.05). The DOY of 

snowmelt initiation (Si, see Figure 2a for a reference), which indicates the transition 

from winter to spring, was 9 days earlier on average at low elevation sites compared 

to high elevation sites (Table 3). The DOY of peak θr due to snowmelt (Sp) at low ele-

vation sites occurred 45 days earlier than at high elevation sites (Figure 4a, Table 3). 

The DOY of θr depletion (Sd), which indicates the transition from spring to summer, 

occurred 34 days earlier at low elevation sites than at high elevation sites, and corre-

sponded to a 34 day longer summer (L; Figure 4c and 4e, Table 3). θr at the snowmelt 

peak, the length of spring, and the number of days with <20% θr (D<20) did not vary 

significantly between high and low elevation sites, and was instead influenced by year 

to year variation in rainfall at individual sites (Figure  4b, and 4d, 4f ).

Seasons with above- and below-average P (e.g., wet and dry seasons) had consistent 

effects on some of the characteristics of winter, spring, and summer for both low and 

high elevation sites. The DOY of peak θr due to snowmelt (Sp) occurred later in wet 

springs compared to dry springs at all sites, and both dry winters and dry springs 

resulted in lower peak θr in spring compared to corresponding wet conditions (Fig-

ure 5b–5d). Dry winters also corresponded to an earlier DOY of θr depletion (Sd) and 

a longer summer length (L) across all sites (Figure 5e and  5g). In contrast, spring 

length (St) and the number of days with <20% θr (D<20) were not consistently altered 

by P totals (Figure 5a, 5f, and 5h).

4.3. Soil Moisture Information Across Depths in the Soil Profile

TE quantifies how temporal change in variable X informs temporal change in a sec-

ond variable, Y (higher positive TE values indicate more information transfer from X 

to Y). We used TE to determine how θr in upper soil layers informed θr at a deeper soil 

layer at the same site during the same seasons (see Figure B2 for an expanded view 

of these findings for wet and dry seasons). TE was highest for θr between shallow 

soil layers (0–10 to 10–20 cm; Figure 6a). TE was lower for θr between a shallow soil 

layer X (0–10 or 10–20 cm) and a deeper soil layer Y (50 cm; Figure 6a). Compared 

to month-based seasons, TE in time-varying seasons was lower in winter and higher 

in spring and summer for transfer between shallow depths (0–10 to 10–20 cm; Fig-

ure  6b), which we attribute to better identification of seasonality in θr availability 

using a time-varying approach (relatively wetter and shorter springs, relatively drier, 

and longer summers).

Linear correlations of seasonal relationships attest to the differing seasonal patterns 

of θr between shallow and deeper soils, and corroborate our TE-based finding of 

relatively low similarity in θr patterns between these soil depths. For θr at 0–10 and 

10–20 cm, SWE was correlated with spring measures including Sp θr and Sd DOY 

(Tables A1 and A2), whereas at 50 cm, SWE was correlated with Sp θr and summer 

wet and dry days (Table A3). Thus, although all soil depths are influenced by SWE in 
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spring, the effect of variable winter precipitation on θr persists for longer in deeper layers (summer) versus 

shallow soil layers (spring), leading to their observed dissimilarity.

4.4. Seasonal Relationships of Soil Moisture Information Between Seasons and Across Depths in 
the Soil Profile

We used information theory to determine how θr in season X informed θr in season X + n at the same depths 

in the soil profile. MI between two variables (X and Y) quantifies the amount of additional information 

needed to encode the distribution of Y values given complete information on the distribution of X values. 

Kullback-Leibler divergence (K-L) quantifies the deviation between the shared distributions of X and Y, giv-

en the assumption that their distributions are identical. Our analysis focused on seasonal θr classes (spring 

θr at 0–10 cm to summer θr at 0–10 cm, for example) with lower than average MI (less additional informa-

tion needed) and K-L (lower divergence), and therefore high shared information. The percentage difference 

in our MI and K-L analysis indicates a greater or lesser proportion of high shared information for a specific 

class of observation compared to that class’s proportion of all observations (for example, the proportion of 

high shared information at 0–10 cm depth to high shared information across all depths (27/54, 50%), com-

pared to the proportion of 0–10 cm observations compared to all observations (224/542, 41%)). Therefore, 

a positive difference between the percentage of one observation class in all observations (e.g., 41%) and in 
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Figure 3. Probability density distributions of θr at 0–20 and 50 cm depths contrast seasons defined by months (Winter: DJF; Spring: MAM; and Summer: JJA) 
to those defined by θ-based metrics. Horizontal lines indicate the average of the probability density functions. The combined average of depth 0–10 cm and 
depth 10–20 cm was used if the averages were not significantly different (p < 0.05). (i) NV-L and (j) AZ-L did not experience constant snowpack and a single 
day of snowmelt initiation and thus do not have θ-based winter seasons.
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observations with high shared information (e.g., 50%) indicates a higher likelihood of high shared informa-

tion within that class (θr comparisons at 0–10 cm). Generally, cases of high shared information were rare 

(9% of all season X to season X + n comparisons). Distributions of θr between seasons have slightly higher 

shared information at 0–10 cm, and slightly lower shared information at 50 cm (Figure 7a). Across all soil 

depths, the highest proportional increase in high information seasonal relationships were between θr in 

spring and summer (+23%), θr in winter and summer (+12%), and θr in winter and spring (+7%; Figure 7b, 

see Figure B3 for an expanded view of these findings). Relationships between SWE and θr were much lower 

(Figure 7b). Events of high shared information were most likely to occur when season X (winter or spring) 

was dry (+8%) or wet (+6%), and when season X + n (spring or summer) experienced average rainfall totals 

(+18%; Figure 7c).

Linear correlations of seasonal relationships corroborate our finding of high shared information between 

spring and summer for shallow soil layers. At 0–10 and 10–20 cm, Sp θr is significantly correlated with 

Sd day, summer length L, and several measures of wet and dry days (Tables A1 and A2). At 50 cm, Sp θr 

is correlated with summer wet days, which supports our finding of high shared θ information between 

spring-summer at this deeper soil depth (Table A3). Additionally, although we found that SWE was signifi-

cantly correlated with Sp θr at every soil depth, SWE was not correlated with additional seasonal measures, 

supporting our finding that SWE impacts in late spring and summer may be limited to deeper depths in the 

soil profile (Table A3).

5. Discussion

5.1. Time-Varying Metric-Derived Seasons

Distinct seasonal cycles of θ have been evaluated in numerous studies for ecosystems of the western United 

States (Brown-Mitic et al., 2007; McNamara et al., 2005; Notaro et al., 2010; Williams et al., 2009). By deter-

mining the seasonal characteristics of θ using a time-varying, quantitative methodology, our study provides 

new insight on climate and soil moisture dynamics for sites spanning three forest to woodland elevation 
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Figure 4. Time-varying soil moisture measures of snowmelt peak day (Sp Water Year DOY, 0–20 cm; a), snowmelt peak relative extractable soil moisture [θr: 
mm3 mm−3] (Sp θr, 0–20 cm; b), depletion day (Sd Water Year DOY, 0–20 cm; c), snowmelt time (St, 0–20 cm; d), summer length (L, 0–20 cm; e), and days with 
θr < 20% (D<20, 0–20 cm; f). Water year begins on October 1. Letters indicate significant differences between sites (p < 0.05). AZ-L and NV-L did not experience 
snowpack, so their St is defined as the beginning of winter until Sd. Metrics were not significantly different at depths 0–10 and 10–20 cm, so the two depths 
were merged to 0–20 cm. All significance levels were found using ANOVA and Tukey’s honest significant differences.
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gradients in the SWUS with distinct climate characteristics. Specifically, our study provides new insight on 

how θ patterns in these ecosystems compare across depths in the soil profile, between winter, spring and 

summer seasons, and under climate forcing conditions of above- and below-average seasonal P. We used 

time-varying methodology to define a distinct winter period of snow accumulation and low snowmelt, a 

spring period of high, mostly snow-derived moisture availability, and a summer period of relative moisture 

deficit. Compared to month-defined seasons, time-varying seasons were able to more precisely identify the 
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Figure 5. Time-varying soil moisture measures of snowmelt peak day (Sp Water Year DOY, 0–20 cm; a, b), snowmelt peak relative extractable soil moisture (Sp 
θr, 0–20 cm; c, d), depletion day (Sd Water Year DOY, 0–20 cm; e), snowmelt time (St, 0–20 cm; f), summer length (L, 0–20 cm; g), and days with θr < 20% (D<20, 
0–20 cm; h) across above-average (wet), below-average (dry), and near average (avg) seasonal P totals (winter, spring, or summer). Water year begins on October 
1. We compared all site-years to identify patterns of responses to P that are similar across the region and responses without a clear pattern that reflect responses 
shaped by environmental differences among sites. Letters indicate significant differences between sites (p < 0.05). Metrics were not significantly different 
at depths 0–10 and 10–20 cm, so the two depths were merged to 0–20 cm. All significance levels were found using ANOVA and Tukey’s honest significant 
differences (p < 0.05).
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seasonal transition from moisture surplus in spring to moisture deficit in 

summer, and therefore are a useful approach to determine the functional 

length of these seasons as well as the magnitude of θr availability within 

them. Due to the simplicity of this approach, we propose that time-vary-

ing θ analysis based on θ fluctuations may have broad utility for under-

standing the seasonal characteristics of these and other semiarid ecosys-

tems, as well as for predicting how climate change may alter seasonal 

cycles of moisture availability.

Our proposed framework has a divergent but useful application in sites 

with ephemeral snowpack, such as NV-L and AZ-L, compared to sites 

that experience snow accumulation throughout winter. In our analysis, 

low elevation pinyon-juniper sites did not experience a single day that 

marks the beginning of snowmelt infiltration, but rather experience 

snowmelt infiltration throughout the cold season. Therefore, according 

to our proposed framework, these sites do not have a winter season of 

snow accumulation and instead experience an extended spring. We pos-

tulate that temperature variation during an extended θ-defined spring is 

higher than temperature variation in discrete winter and spring seasons, 

and may play an important role in regulating ecosystem responses that 

we did not resolve in this study. Despite this, we maintain that highlight-

ing the potential increased role of temperature at lower elevation sites 

supports the value of our proposed framework, in addition to its ability 

to identify divergent seasonal P-θ relationships across diverse forest and 

woodland sites.

5.2. Effects of Elevation on Soil Moisture

Instead of differing across dominant vegetation species or ecosystem 

type, the seasonal characteristics of our study sites were often best cat-

egorized into two groups by elevation: <2,500 m (lower elevation) and 

>2,800 m (higher elevation). DOY of peak θr due to snowmelt and the 

DOY of θr depletion in spring were especially useful for differentiating 

the seasonal characteristics of high versus low elevation sites. Notably, 

lower elevation sites experienced a loss of snowmelt-derived θr earlier 

in the year compared to higher elevation sites, and had a longer summer 

period where θr was dependent on rainfall events. Additionally, variance 

in the timing of snowmelt inputs and depletion is much lower at high 

elevation mixed conifer and ponderosa forests compared to low eleva-

tion ponderosa forests and pinyon-juniper woodlands. This suggests a 

divergence in predominant climate and θ-defined seasons between low-

er and higher elevation sites in the SWUS, albeit with some uncertainty 

about the role of topographic and landscape effects that can amplify and 

dampen the effects of climate forcings. Our determination agrees with 

Herrmann et al. (2016), who found a distinct difference in seasonal NDVI 

patterns between lower and higher elevations in the SWUS, which were 

attributed to water- versus energy-limited conditions. Yet, we found that 

seasons with above-average and below-average P had consistent effects 

on many of the seasonal characteristics of both our lower and higher el-

evation sites, and that the number of dry days in summer was strongly 

controlled by site-specific factors. Thus, we postulate that differences in 

solar radiation and temperature imparted some influence on the availability of snowmelt-derived soil mois-

ture between the lower and higher elevation sites of our study, although precipitation remained the domi-

nant control on seasonal soil moisture dynamics.
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Figure 7. Percentage of conditions with high mutual information 
(assessed using mutual information content and Kullback-Leibler 
divergence) for (a) relative extractable soil moisture [θr: mm3 mm−3] at 
different depths in the soil profile, for (b) snow water equivalent [SWE: 
mm] and θr across winter, spring, and summer, and between primary 
seasons (winter, spring) and subsequent seasons (spring, summer) 
with below-average (Dry), near average (Average), and above-average 
precipitation (Wet; c). In each panel, the value outside parentheses 
indicates the percentage of total observations for each condition, and the 
value inside parentheses indicates the percentage of total observations 
with high mutual information for each condition. The lower value 
indicates the difference between the two, illustrating a greater or lower 
tendency of observed conditions to have high mutual information; the 
thickness of box perimeters (a) and arrows (b and c) also indicates this 
value.
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Climate change is predicted to increase temperatures and initiate earlier snowmelt in forest and woodland 

ecosystems of the western United States (Blankinship et al., 2014; Hamlet et al., 2007). Whether or not 

lower elevation sites can be used to forecast the warmer and more arid future of higher elevation sites is 

not fully clear and depends on many interesting factors (Bell et al., 2014). If lower elevation sites do indeed 

resemble the future of higher elevation sites, comparing existing patterns of θ availability between these 

elevations may be especially useful for refining understanding of the potential ecological consequences of 

climate change. For example, although the lower elevation sites of our study had shorter springs, longer 

summers, and were often drier than higher elevation sites, seasonal patterns of θr (increase in early spring, 

depletion in late spring, P-dependent summer) did not diverge markedly between them. Thus, seasonal 

patterns of θ availability are similar across less arid higher elevation and more arid lower elevation SWUS 

sites, although the magnitude of θ and the relative influence of seasonal P may differ. From a climate 

change perspective, this pattern suggests that the dynamic of lower elevation forest sites may indeed por-

tend to the future of higher elevation forest sites, with the exception of nonanalog climate changes or 

infrequent climate events that are unobserved. However, we maintain that the role of topographic and 

landscape effects on site water balance, and potential change in the magnitude of environmental condi-

tions that are ecologically meaningful, will also be important at both local and regional scales (Crausbay 

et al., 2017). We found that seasonal θr was much lower at the lowest elevation, pinyon-juniper woodland 

sites of our study. As we noted previously, these woodlands experience a major change in cold season 

moisture availability compared to higher elevation forests, as they do not often accumulate deep snowpack, 

and instead experience sporadic snowmelt and a very low θr peak throughout a long θ-defined spring. The 

transition from winter snowpack accumulation to snowpack melting is expected to have large impacts to 

ecosystems of the western US in the coming century, as this shift amplifies periods of spring and summer 

moisture deficit (Knowles et al., 2018; Petrie et al., 2015; Schlaepfer et al., 2012). Climate models predict 

that snowmelt in the SWUS will occur earlier and with less volume in this century (Seager & Vecchi, 2010), 

and lower elevation sites may be a useful model for the future of higher elevation sites, but only until win-

ter snow accumulation becomes limited.

Our results suggest similarity in θr dynamics across three elevation gradients in the SWUS that span an 

elevational range of 1,930–3,355 m. Our results corroborate Herrmann et al. (2016) in that both identified a 

distinct divide between lower and higher elevation groups. Yet, studies focusing on elevation gradients at a 

finer-scale than those of our study have found gradual changes in streamflow (Hunsaker et al., 2012), coni-

fer regeneration (Dodson & Root, 2013), and spring flowering timing (Crimmins et al., 2010). These results 

suggest fine-scale elevation-associated differences that we did not detect in our study. Because regionally 

focused studies such as ours are less able to identify fine-scale patterns, there could be an important mois-

ture gradient within our low elevation sites. We conclude that further study of local and regional elevation 

gradients, as well as topographic and landscape effects on the ecological impact of climate patterns, is need-

ed to continue to develop actionable generalization that applies across broad regional areas and can be used 

to predict future regional change in forest and woodland dynamics.

5.3. Shallow Versus Deeper Soil Moisture

Although P influenced θ at all of the sites and soil depths of our study, we found that θr at 0–20 cm is 

generally decoupled from θr at 50 cm and that there is limited statistical overlap between shallow and 

intermediate soil layers. This decoupling has been observed in other semiarid locations with a prom-

inent snowfall season that can recharge θ throughout the soil profile, leading to a decoupling later in 

the year when shallow θ is depleted by evapotranspiration (Blankinship et al., 2014; Loik et al., 2004; 

McNamara et al., 2005). Although seasonal patterns of θr were similar between 0–10 and 10–20 cm at 

our study sites (though their means could differ), other semiarid forests in the SWUS experience dif-

ferential soil moisture patterns between 0–10 and 10–20 cm due to evapotranspiration that is limited 

to the top 10 cm of the soil profile (Brown-Mitic et al., 2007; Newman et al., 1997). We caution that our 

results comparing shallow and intermediate soil moisture were obtained solely from the NMEG gradi-

ent. Other studies in our NV study region have found negligible deep soil moisture drainage in lower 

elevation woodlands, such that the primary seasonal contributions of drainage to groundwater occur 

only at mid-to high elevations (Devitt et al., 2018). Although this corroborates our findings at NMEG, 
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further study of local and regional elevation gradients is needed to continue to develop actionable gen-

eralization that applies across broad regional areas and can be used to predict future regional change 

in forest and woodland dynamics.

Despite noted limitations, we postulate that coupling of shallow and intermediate θ portends to a diver-

gence in how different life stages of tree development are influenced by climate variability. Juvenile pon-

derosa pine do not have the ability to access soil moisture below 10–20  cm in the first years following 

germination (unpublished data), and soil moisture availability at this shallow layer has a large influence 

on juvenile survival (Petrie et al., 2017). Thus, the most likely impact of spring and summer climatic con-

ditions that deplete soil moisture in upper soil layers is the reduction of natural regeneration in forest 

and woodland ecosystems. In contrast, adult ponderosa pines uptake water from the upper 50 cm of soil 

(Berndt & Gibbons, 1958), but rely more heavily on deeper soil moisture compared to young trees (Kerhou-

las et al., 2013). In pinyon-juniper woodlands, the rooting profile of both pinyon pines and junipers is more 

concentrated in upper soil horizons (Schwinning et al., 2020). It follows that sustained periods of low θ 

recharge into intermediate and deeper soil layers may be especially deleterious for mature ponderosa pine 

systems (Zhang et al., 2013), whereas similar levels of stress to mature trees in pinyon-juniper ecosystems 

is manifest by sustained θ depletion in upper soil layers (Breshears et al., 2009). Additionally, changes to θ 

are also an important component of ecosystem recovery from disturbance, as moisture availability greatly 

affects the ability of seedlings to regenerate the forested ecosystem (Dodson & Root, 2013). Although our 

analysis sites capture conditions before and after a severe wildfire (NM-Hp and NM-Hb), P totals at this site 

were generally wetter than average before the fire and were drier after. This limited our ability to elucidate 

wildfire effects on θ dynamics.

5.4. Seasonal Information Flow in Wet and Dry Seasons

High information transfer between seasons may be associated with change to the physical relationships 

between climate and soil moisture. Greater information transfer between soil layers was promoted in wet 

seasons compared to average and dry seasons, especially wet winters. This may be due to both reduced 

soil drying in shallow soil layers and greater water inputs in total. Additionally, we found that in high 

elevation locations, where the day of snowmelt moisture input (Si) could be identified, it was often placed 

after some infiltration had already taken place in wet years, whereas in dry years Si was more accurate 

to the day when snowmelt input first appeared in the soil moisture trace. Thus, wet conditions may en-

hance information transfer between soil layers in our framework by simply allowing moisture infiltration 

into the soil, which is less likely under average or dry conditions. Our results corroborate Hupet and 

Vanclooster (2002) and Famiglietti et al. (1999), who found that variation in θ horizontally was lowest in 

wet conditions, but is in contrast with Williams et al. (2009) who found the opposite trend. These studies 

examine information flow horizontally across space rather than vertically through the soil profile, and 

while P influences both horizontal and vertical θ patterns, it is likely that additional mechanisms influ-

ence each flow type.

Climate change is predicted to alter seasonal P and θ dynamics in the SWUS, and these changes could inten-

sify or dampen θ MI content (assessed by Kullback-Leibler divergence and MI) between seasons. Warmer, 

drier winters (Jones & Gutzler, 2016; Seager & Vecchi, 2010), and modestly drier summers (Jones & Gut-

zler, 2016) are expected to increase, and interannual precipitation is expected to become more variable, with 

extreme droughts (Cayan et al., 2010) and extreme wet periods (Allan & Soden, 2008) both becoming more 

likely. At the sites of our study, seasons with near-average P are more likely to be influenced by prior-season 

conditions. Both warming temperatures and a more variable P regime will change the likelihood of high 

MI content between seasonal θ signatures. The probability of a dry season X (winter, spring) or a dry sea-

son X + n (spring, summer) will increase, and forecasts for increasing warm season heavy rain (Allan & 

Soden, 2008) suggest that the probability of wet season X + n will also increase. In contrast, an increasing 

probability of dry seasons caused by warmer temperatures and enhanced aridity would likely mean more 

X + n seasons with soil moisture traces dominated by their own P regime, making high MI content between 

seasons even less likely than at present. During the 1950s drought in the SWUS, impacted ecosystems exhib-
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Appendix B: Soil Moisture Analyses

Expanded results of soil moisture at deeper layers (Figure B1, expansion on Figure 2); Transfer Entropy (TE) 

analysis of soil moisture relationships across soil depths (Figure B2, expansion on Figure 6); and Mutual 

Information content analysis of soil moisture across winter, spring and summer seasons (Figure B3, expan-

sion on Figure 7).
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Figure B1. Time series plots of estimated snow water equivalent SWE [mm] for each elevation gradient (a–c), and observed θr from 10 to 20 cm ( e–g, i–k, and 
m–o), and 50 cm (h, l, and p) for all sites. Colored lines illustrate θr in individual years, and the black lines illustrate a smoothed trend.
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Figure B2. Transfer entropy (TE) values of relative extractable soil moisture [θr: mm3 mm−3] for above-average (W), below-average (D), and near average (A) 
seasonal precipitation totals (w: winter; sp: spring; su: summer) between 0–10, 10–20, and 50 cm soil depths (a), and TE compared between θ-defined seasons 
and month-defined seasons (θ-defined TE minus month-defined TE; b). In (a), higher TE values indicate greater information transfer between soil layers.
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Data Availability Statement

Data sets for this research are available in the following repositories: data for sites NM-M (AmeriFlux site 

US-Vcp), NM-Hp, and NM-Hb (AmeriFlux site US-Vcm) are available through the Ameriflux Network data 

portal [https://doi.org/10.17190/AMF/1246122 and https://doi.org/10.17190/AMF/1246121 respective-

ly; no access restrictions], data for sites AZ-H (SEGA site Camp Colton), AZ-M (SEGA site Arboretum), 

and AZ-L (SEGA site Blue Chute) are available through The Southwest Experimental Garden Array data 

portal [https://data.sega.nau.edu/segaWeb/index.jsp; no access restrictions], and climate and soil mois-

ture data for sites NV-H (NevCAN site Snake Range Subalpine west), NV-M (NevCAN site Snake Range 

Montane west), and NV-L (NevCAN site Snake Range Pinyon-Juniper west) are available through The Ne-

vada Climate-ecohydrological Assessment Network data portal [https://nevcan.dri.edu/data_download.

html;noaccessrestrictions].
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Figure B3. θ predictability by θ-defined season (winter, a and b; spring, c and d; and summer, e and f) under different seasonal P conditions, measured by K-L 
divergence [K-L] and mutual information [MI]. Each tile represents the mean of all comparisons of θr distributions of seasons winter (a, b), spring (c, d), and 
summer (e, f) to the distributions of SWE and winter, spring, and summer θr by year and site. These comparisons were grouped by wet (P > +25% site mean), 
dry (P < −25% site mean), and average (P > −25% and < +25% site mean) seasons and averaged across soil depths. Values are shown as diverging from the 
mean of each measure, with blue tiles showing relatively higher shared information and red tiles showing relatively low shared information.
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