
1.  Introduction
Drought induced forest mortality has increased in the last two decades globally (Allen et al., 2010; Breshears 
et al., 2005; Hammond et al., 2022; McDowell et al., 2022), and in the southwestern United States, the rapid inten-
sification of a multidecadal megadrought has led to decreases in tree productivity (Williams et al., 2020, 2022). It 
is likely that climate change will continue to exacerbate the megadrought through increases in winter and summer 
temperatures, leading to decreases in snowpack and more variable summer precipitation (Hamlet et al., 2005; 
Knowles et  al.,  2006; Seager et  al.,  2007; Seager & Vecchi,  2010). Changes in snowpack extents and dura-
tion can influence early spring primary productivity and biogeochemical cycling (Bales et al., 2006; Westerling 
et al., 2006), which are of great concern for summertime productivity and tree persistence in dryland ecosystems 
that already exist at the margins of their climate tolerances. In many forests across this region, the arrival of 
summer rains as a major monsoon climate system contributes to less summertime water stress in forests (Strange 
et al., 2023), as the rains not only replenish much needed soil moisture during peak summer drought, but the 
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and mortality across the southwestern U.S. Given this event, and the future likelihood of similar climate 
challenges, it is important to understand how different water resources are used by semi-arid forests in this 
region. Within the geographic domain of the North American Monsoon climate system, we studied seasonal 
water-use in eight different Pinus ponderosa montane forests distributed across a climate gradient with varying 
contributions from winter and summer precipitation. We collected oxygen isotopes from precipitation, soil, and 
xylem water during two contrasting hydrologic years to determine how trees differentially use winter versus 
summer precipitation sources. Most trees switched from using snowmelt water as the primary source during 
the early-summer hyper-arid period, to monsoon rainwater during the late-summer. However, during the low 
snowpack year, which represents the most common climate phenomenon during the megadrought, trees at all 
sites used less summer rain when compared to the higher snowpack year, demonstrating a drought-induced 
antecedent influence of winter precipitation on the uptake of summer rain. A possible mechanism to explain 
the antecedent effect is an earlier snow disappearance during the low snowpack year weakening hydrologic 
connectivity within the soil profile, decreasing the soil infiltration of summer rains. However, in years with 
higher snowpack, the snow lasts longer, and this can improve the hydrologic connectivity within the soil profile. 
As a result, there is more infiltration of summer rains into the soils. This can enhance the maintenance of active 
shallow fine-root biomass during the period when snowpack disappears, and monsoon rains have yet to arrive. 
These findings provide insight into how the seasonal interactions between major seasonal climate systems 
influence forest tree water use in the face of an extreme megadrought.

Plain Language Summary  A two decade-long megadrought has impacted forests in the 
southwestern U.S. The drought has the potential to influence how forests use different proportions of winter 
and summer precipitation. We examined patterns of tree water use across the North American Monsoon climate 
region and found that trees generally switched from using snowmelt water during early-summer to monsoon 
rainwater during late-summer. However, during low snowpack years, trees used less monsoon moisture when 
compared to higher snowpack years, demonstrating an influence of the previous winter's precipitation on the 
uptake of current summer rain. Conventional wisdom states that monsoon rains provide relief for drought 
stressed trees. However, our study shows that decreases in snowpack during the previous winter can impact a 
trees ability to use summer rain.
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arrival of the summer moisture also leads to decreases in atmospheric vapor pressure deficit (VPD) (Peltier & 
Ogle, 2019; Szejner et al., 2016, 2018).

Interannual changes in the relative distributions of winter and summer precipitation across semi-arid land-
scapes can have significant consequences for plant productivity (Bates et al., 2006; Knapp et al., 2002; Knowles 
et al., 2020). The timing of soil water recharge and depletion ultimately dictates how precipitation provides plant 
available water (McNamara et al., 2005; Smith et al., 2011), as plants can both directly use recently fallen precip-
itation, or use water deeper in the soils that originated from earlier events. In the montane forests of the western 
U.S., peak soil moisture closely follows the date of snow disappearance (Bales et al., 2011; Harpold et al., 2015), 
which has been found to be an important source of water for trees in the early spring (Nehemy et al., 2022). Thus, 
the magnitude and melt timing of snowpack can impact spring and summer available soil moisture (Dwivedi 
et al., 2023; Hamlet et al., 2007; Tang & Feng, 2001). For example, years with larger snowpack lead to a later 
melt-out date, culminating in high soil moisture throughout the growing season, while years with smaller snow-
pack lead to an earlier melt-out date, culminating in low soil moisture throughout the growing season (Kumar 
et al., 2019; Tang & Feng, 2001). In the southwestern U.S., the impact that summer precipitation has on plant 
available water depends on antecedent moisture conditions from the previous snowmelt. During large snowpack 
years when soil moisture remains high through the spring and early summer, summer precipitation can gradually 
infiltrate into the soil due to high soil hydraulic conductivity; however, during years with low snowpack and drier 
soil conditions, summer precipitation does not infiltrate as deeply (Kumar et al., 2019; Tang & Feng, 2001). This 
behavior can be attributed to the non-linear correlation between hydraulic conductivity and soil water content, 
where a decrease in water content leads to a corresponding reduction in hydraulic conductivity due to a reduction 
in the interconnectedness of the soil pores (Rossi & Nimmo, 1994). Under low soil water content, water flows via 
pathways through only thin water films surrounding soil particles, leading to low conductivity. However, under 
high soil water content, water flows through nearly saturated pore spaces, which greatly increasing hydraulic 
conductivity. Thus, the interactions between winter and summer precipitation on soil water dynamics, and how 
that translates to plant-available water complicates our ability to predict how different moisture sources are used 
by trees across this region.

While the timing and amount of different modes of moisture (e.g., snow and rain) can influence soil mois-
ture throughout the year, a tree's ability to use available soil moisture depends on the depth and distribution of 
its functional roots, which are physiologically and morphologically responsive to changes in water availability 
(Ehleringer & Dawson, 1992; Flanagan et al., 1992; Grossiord et al., 2018). Trees with dimorphic root systems, 
such as the coniferous trees that dominate in montane ecosystems and are the focus of this study, have both shal-
low (fine) and deep (coarse) roots that allow them to take up soil water at differing depths (Dawson & Pate, 1996; 
Ehleringer & Dawson, 1992). Past studies have shown that Pinus ponderosa trees in the western U.S. can use 
deep soil water recharged by winter precipitation, as well as shallow soil water recharged by summer precipitation 
(Eggemeyer et al., 2009; Roden & Ehleringer, 2007; Thomas et al., 2009). In Nebraska, one study found that 
P. ponderosa trees were able to use shallow soil water from spring to mid-summer, which was attributed to  the 
maintenance of fine root production (Eggemeyer et al., 2009). However, in another study in the southwestern 
U.S., Kerhoulas et al. (2013) found that P. ponderosa trees relied less on summer precipitation and mainly used 
winter precipitation because their functional roots were deployed deeper in the soil. These contrasting studies, all 
on the same species, but under different precipitation regimes, suggest that montane P. ponderosa trees growing 
in a region with ample snowmelt, but limited summer rain, potentially have different water use strategies than 
P. ponderosa growing in a summer rainfall dominated region. However, these studies, along with others (e.g., 
Kurpius et al., 2003; Roden & Ehleringer, 2007; Thomas et al., 2009) have examined the water use of P. ponder-
osa within stands isolated to one or two climate types. A comparative study of water-use patterns across multiple 
sites with contrasting distributions of winter and summer precipitation is missing.

In the southwestern U.S., the North American Monsoon (NAM) climate system delivers ∼60% of the annual 
precipitation during the summer months and the rest is provided as snowmelt in early spring (Figure 1). The 
bimodal winter and summer precipitation regimes and their respective isotopic signals provide a unique oppor-
tunity to examine the reliance of trees on both types of precipitation, an understanding that is lacking in this 
region. The NAM is most intense in Southern Arizona and New Mexico, with snowpack contributing less to 
annual precipitation (Adams & Comrie, 1997) (Figure 1). Further north, in Northern Arizona and Southern Utah, 
the frequency of NAM rains decreases, the depth of snowpack generally increases, and interannual variability 
in the ratio of winter-to-summer precipitation increases. It is likely that forest stands in the northern periphery 
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of the  NAM domain use both snowmelt and NAM rains for a water source throughout the growing season. 
Furthermore, with projected increases in aridity in the NAM region (Seager et al., 2007; Seager & Vecchi, 2010), 
it is likely that these patterns will change in the future. Understanding the relative importance of the timing and 
amount of winter and summer precipitation in the southwestern U.S. is increasingly important. In this study, we 
examined tree source water use of eight different P. ponderosa forests across a large geographic region to deter-
mine how trees use winter and NAM precipitation. We asked: (a) How variable are water use patterns among 
distinct forests? and (b) Does the amount of winter precipitation in a forest affect its use of summer precipitation?

2.  Materials and Methods
2.1.  Regional Characteristics

We selected eight montane sites to capture the water use response of different stands of P. ponderosa during three 
seasonal phases, spring (April/May), hyper-arid (June), and summer monsoon (August/September) (Figure 1; 
Table S1 in Supporting Information  S1). The hyper-arid season lies between the spring snowmelt and the 
late-summer monsoon. It is characterized as an especially hot, dry period with extremely high atmospheric VPD 
values. Seven sites were selected in the northern periphery of the NAM geographic domain (TUS, SEV, BOU, 
PAN, PIN, TRU, and COC) (35.96°N, 113.47°W to 38.26°N, 111.40°W), where 20%–40% of annual precipita-
tion occurs during the summer. Hereafter, these are referred to as “the periphery sites.” One reference site (MBG) 
(32.41°N, 110.71°W) was selected in the core of the U.S. NAM region, where the percentage of summer rains 
was closer to 50% (Figure 1). Hereafter, this is referred to as ‘the core site'. We obtained daily PRISM estimates 
of precipitation, temperature, and VPD for the 2017–2018 and 2020–2021 water years (1 October–31 Septem-
ber) for each of the eight sites (PRISM Climate Group, https://prism.oregonstate.edu). We used VPD instead 
of relative humidity because VPD is independent of temperature and better characterizes the driving force of 
water loss from a plant. To obtain estimates of snow water equivalent (SWE), we used the National Snow and 
Ice Data Center (NSIDC) 4-km gridded SWE and snow depth data (https://nsidc.org/data/nsidc-0719/versions/1; 
Broxton et al., 2019) and validated it against SNOTEL SWE (Figures S1 and S2 in Supporting Information S1; 

Figure 1.  The contribution of winter (a; October–May) and summer (b; June–September) precipitation in the U.S. region 
of the North American Monsoon domain, where green represents less contribution and blue represents more contribution of 
winter (a) or monsoon (b) precipitation. Averages for both winter and summer precipitation were calculated from 1960–2018. 
The black dots represent the locations of tree isotope data collections.
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USDA Natural Resources Conservation Service, 2022). The NSIDC UA SWE estimates represent interpolated 
patterns from SNOTEL sites, as well as PRISM and the National Weather Service Cooperative Observer Program 
(COOP) (Cho et al., 2020). Winter and summer seasonal values were obtained as the sum of the daily PRISM or 
NSIDC data.

2.2.  Tree Sylem, Soil, and Water Isotope Sampling

Tree water use in this region was determined by using the stable isotopes of hydrogen and oxygen (δ 2H and δ 18O) 
(e.g., Brunel et al., 1995; Dawson & Ehleringer, 1991; Eggemeyer et al., 2009; Roden & Ehleringer, 2007; Tang 
& Feng, 2001). The seasonal water sources are distinguishable in the NAM system because winter precipitation 
is depleted in the heavier isotopes ( 2H and  18O) compared to summer precipitation (Dansgaard, 1964; Flanagan & 
Ehleringer, 1991; Tulley-Cordova et al., 2021). We note that this differs from other monsoonal climate systems, 
such as that associated with the Asian monsoon (Hu et al., 2013), in which winter precipitation is isotopically 
enriched compared to summer precipitation. Using stable hydrogen and oxygen isotope ratios obtained from 
xylem water, we tracked source water usage of the eight stands of P. ponderosa through the three chosen seasonal 
climate phases. In 2018 and 2021, we sampled the same 110 individual trees (15 at each periphery site, 5 at 
the core site) during the hyper-arid period (June) and the monsoon period (September). During 2021, we also 
sampled during spring (April and May) when snowmelt water was dominant in the soils.

During each sampling date, we collected two 5 mm cores from each individual tree at breast height to analyze 
the stable isotopes of xylem water. Tree cores were placed into glass scintillation vials, sealed with Parafilm to 
prevent evaporation, and kept cool until samples were brought back to the freezer in the lab. Soil water was also 
collected at each of the seven periphery sites during the 2021 growing season at the same times during the season 
that tree xylem samples were collected. A new soil pit was excavated and samples were collected from depths 
of 5, 25, and 45 cm. All soil samples were also quickly placed in glass scintillation vials, sealed with Parafilm, 
and were kept cool until they were placed in laboratory freezers. We also collected rainwater in 2021 from May 
to June (hyper-arid period) and June to August (monsoon period). We placed rain gauges at each of the seven 
periphery sites, containing a 1 cm layer of mineral oil to prevent evaporation.

We extracted water from the xylem and soil samples using cryogenic water distillation (Ehleringer et al., 2000). 
Xylem, soil, and precipitation water samples were then analyzed for  2H/ 1H and  18O/ 16O at the University of 
Utah through the Stable Isotopes Ratio Facility for Environmental Research Lab. The δ 2H for xylem water was 
analyzed by pyrolysis using a high-temperature conversion elemental analyzer (TC/EA) coupled with an isotope 
ratio mass spectrometer. The δ 18O for xylem water was analyzed by equilibration with CO2 and analyzed using 
a Thermo Finnigan Gas-Bench II connected to a Thermo Finnigan Delta Plus XL. The soil and precipitation 
samples were analyzed by a Picarro L2130i Analyzer for δ 2H and δ 18O. Measured δ 2H and δ 18O values were 
normalized using the three internal reference materials (DI, EV, and ZE) used during the acquisition and were 
all calibrated against the international standards of Vienna Standard Mean Ocean Water (V-SMOW) II, GISP, 
and SLAP. The xylem water samples were analyzed on a Mass Spectrometer to avoid potential organic contami-
nates, while soil water samples were run using charcoal methods to remove any potential contaminates (Johnson 
et al., 2017; West et al., 2010). By employing these techniques, we can better control the reliability and accuracy 
of the measurements.

All ratios were expressed using δ notation (δ 2H and δ 18O) with units of parts per thousand (‰) relative to the 
V-SMOW:

𝛿𝛿
2
H
(

𝑜𝑜𝑜𝑜 𝑜𝑜
18
O
)

=

(

𝑅𝑅sample

𝑅𝑅standard

− 1

)

× 1, 000� (1)

where Rsample and Rstandard are the molar ration of  2H/ 1H or  18O/ 16O of the sample and standard water, respectively. 
Since it has been found that there can be an offset of up to −10‰ in δ2H between extracted stem water and source 
water, we opted to focus our analysis mainly on δ 18O, where little to no difference occur between extracted stem 
water and source water (Chen et al., 2020).

2.3.  Statistical Analysis

To test for differences in the δ 18O of xylem water (δ 18Oxw), we fit a linear mixed-effects ANOVA model using the 
“lmerTest” package (Kuznetsova et al., 2017) in R (R Core Team, 2022-06-23, R version 4.2.1), with fixed effects 
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of site (TUS, SEV, BOU, PAN, PIN, TRU, and COC), period (hyper-arid and monsoon), and year (2018 and 
2021). We tested for a three-way interaction between site, period, and year using AIC model selection (Table S2 
in Supporting Information S1). Because the samples were collected from the same tree individual every sample 
period, tree ID was treated as the random effect. We then conducted a post hoc analysis using the “emmeans” 
package (Lenth, 2022) to obtain estimated marginal means for a pairwise comparison of the three-way interac-
tion. We also used a simple linear regression model to test if the previous year total SWE significantly predicted 
a switch in source water use from winter to monsoon rains.

3.  Results
3.1.  Site Climate and Hydrology

During 2018 and 2021, the average annual temperature ranged from 6.02°C to 14.13°C (2018) and 5.11°C–12.87°C 
(2021), with SEV being the coolest site and MBG being the warmest site (Table 1). The average annual VPDmax 
ranged from 12.01–20.63 hPa (2018) and 11.43–20.56 hPa (2021), with SEV being the wettest and COC being 
the driest. In 2018, the length of the hyper-arid period was also longer than in 2021, where the number of days 
between peak SWE (SWEpeak) and the on-set of the NAM was two weeks longer during 2018 compared to 2021 
(Figure 2).

In general, SWEpeak in 2018 was lower than SWEpeak in 2021 (Table 1; Figure 2). Across all of the northern sites 
(TUS, SEV, BOU, PAN, PIN, TRU, COC), SWEpeak in 2018 was lower (range of 11.00–44.00 mm) than SWEpeak 
in 2021 (range of 20.00–117.00 mm). However, at the most southern site, MBG, we found the opposite pattern 
with 2018 SWEpeak being 155% higher than 2021 SWEpeak.

The timing of snow accumulation and snowmelt were different between the two winter seasons (Figures  2a 
and 2b). In 2018, snow started to fall in late-December across all sites, while in 2021, snow started to fall during 
early-November. Snowpack was not consistent for any sites during 2018, but was for TUS, SEV, BOU, PAN, and 
PIN during 2021. Snowmelt generally started in early to mid-March for both years. However, in 2018 snowmelt 
had ended before April, while 2021 snowmelt ended the first week in April.

The amount of cumulative NAM precipitation in 2018 was less than the amount of cumulative NAM precipitation 
in 2021 (Table 1; Figure 2). The total amount of 2018 NAM precipitation ranged from 88.90 to 290.98 mm, with 
TUS receiving the least amount of precipitation and MBG receiving the most amount of precipitation. The total 
amount of 2021 NAM precipitation ranged from 146.84 to 556.25 mm, with COC receiving the least amount of 
precipitation and MBG receiving the most amount of precipitation. For COC, the 2018 total NAM precipitation 
was slightly lower than the 2021 total (2018 total NAM precipitation was 93% of that for 2021). However, for 

Site

2018 2021

Mean 
annual 

temp (°C)

Mean 
annual max 
VPD (hPa)

Total NAM 
precip 
(mm)

Peak 
SWE 
(mm)

Total 
SWE 
(mm)

Percent 
NAM 
(%)

Mean 
annual 

temp (°C)

Mean 
annual max 
VPD (hPa)

Total NAM 
precip 
(mm)

Peak 
SWE 
(mm)

Total 
SWE 
(mm)

Percent 
NAM 
(%)

Change 
in NAM 

(%)

Change 
in SWE 

(%)

TUS 7.65 15.08 88.90 29 98 47.57 6.92 15.00 170.69 114 419 28.95 92.00 327.55

SEV 6.02 12.01 137.04 27 94 59.31 5.11 11.43 214.15 79 179 54.89 56.27 87.23

BOU 8.17 14.89 87.00 41 97 47.28 6.99 14.36 211.70 90 208 50.44 143.33 114.43

PAN 7.55 14.23 137.52 31 98 58.39 6.78 13.84 236.56 117 180 56.79 72.02 83.67

PIN 10.05 16.37 168.34 44 120 58.38 9.19 16.59 251.17 99 286 46.76 49.20 138.33

TRU 10.76 19.21 179.03 11 29 86.06 10.05 19.64 157.73 29 73 68.36 –11.90 151.72

COC 10.98 20.63 137.15 16 42 76.56 10.39 20.56 146.84 42 95 60.72 7.07 126.19

MBG 14.13 18.14 290.98 31 64 81.97 12.87 17.04 556.25 20 57 90.71 91.16 –10.94

Note. The sites are listed from most northernly (on top) to most southernly (on bottom).

Table 1 
The Mean Annual Temperature (°C), Mean Annual VPDmax (hPa), Total Monsoon (North American Monsoon (NAM)) Precipitation (mm), Peak Snow Water 
Equivalent (SWEpeak) (mm), and Total Snow Water Equivalent (SWEtotal) (mm) for Each Site in 2018 and 2021, As Well As the Percent Change From 2018 to 2021 in 
NAM Precipitation (%), and Total Snow Water Equivalent (%) for Each Site
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the sites TUS, PAN, SEV, PIN, MBG, and BOU, the 2018 total NAM precipitation was only half of that for 2021 
(2018 total monsoon precipitation was 41%–67% of that for 2021). Unlike the other seven sites, TRU experi-
enced greater total monsoon precipitation in 2018 compared to 2021, where total NAM precipitation in 2018 
was 113.5% of that for 2021. The onset of the NAM was also different between 2018 and 2021. During 2018, the 
monsoon season started in mid-July for all the sites except for MBG, where it started in mid-June. In 2021, the 
monsoon started two weeks earlier in July for all sites.

3.2.  Precipitation and Soil Water Isotopes

The δ 2H and δ 18O of precipitation (δ 2Hp and δ 18Op) varied from most depleted early in the growing season to 
most enriched during the later portions of the growing season (Figures 3 and 4). During the 2021 monsoon 
season, there was variation in δ 18Op across sites where TUS was the least enriched (−8.16‰), followed by SEV 
(−7.60‰), PAN (−7.30‰), BOU (−7.12‰), PIN (−6.55‰), TRU (−6.05‰), and COC (−5.60‰) (Figure 4). 
We used local precipitation oxygen and hydrogen isotopes to establish a local meteoric water line (LMWL) for 
each of the sites (Figures 4 and 5); however, we were not able to collect δ 2Hp and δ 18Op isotope from all locations 
during all periods and we supplemented our data with OIPC 3.0 modeled regional values that were representative 
for each of the sites (wateriso.utah.edu). However, since the data were limited to a few values, we were unable to 
address difference in the δ 18O of precipitation between the two years.

The soil water isotope (δ 2Hs and δ 18Os) profiles with respect to season and soil depth are shown in Figure 4. 
On average, the spring δ 18Os were the most depleted (−11.62 ± 2.70‰), while the monsoon δ 18Os were most 
enriched (−6.40 ± 4.30‰), with the hyper-arid δ 18Os falling between the two (−8.66 ± 5.16‰). During the 
spring, δ 18Os for all three soils depths and across all sites were generally more clustered close to the LMWL and 
did not have a consistent pattern of evaporative enrichment with soil depth (Figure 4; S column). However, during 
the hyper-arid period, the evaporative enrichment gradient increased in all sites, where the average δ 18Os at 5 cm 

Figure 2.  The seasonal water inputs for each of the eight sites, where cumulative snow water equivalent was estimated 
by National Snow and Ice Data Center data for the year 2018 (a) and 2021 (b). Cumulative precipitation during the North 
American Monsoon system was estimated using PRISM for 2018 (c) and 2021 (d).
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was more enriched than δ 18Os at 45 cm depth (Figure 4; HA column). During the monsoon period, δ 18Os gener-
ally shifted to be more isotopically enriched for all soil depths (Figure 4: NAM column), reflecting the infiltration 
of monsoon precipitation to at least 45 cm in depth (exceptions were BOU, TRU, and COC). Like the spring δ 18Os 
profile, the monsoon soil profile showed a progressive enrichment from the deeper to shallower soil depth, with 
the upper 5 cm soil value being the most enriched.

3.3.  Xylem Water Isotopes

In 2018, the δ 18Oxw values from BOU, PAN, TRU, COC, and MBG were more isotopically depleted during the 
hyper-arid period (−11.49 ± 1.13‰) compared to the NAM period (−7.96 ± 1.69‰) (signifying switch from 
winter snowmelt water use to NAM precipitation), while TUS, SEV, and PIN did not differ in δ 18Oxw from the 
hyper-arid to monsoon period (signifying no switch in water use) (Tables S3 and S4 in Supporting Informa-
tion S1) (Figures 3 and 5). To better visualize the switch in source water use from winter to summer precipitation, 
we also subtracted the hyper-arid δ 18Oxw from the monsoon δ 18Oxw (δ 18Odiff  =  monsoon δ 18Oxw - hyper-arid 
δ 18Oxw). Positive δ 18Odiff values represent shifts in source water use. Among all the sites, MBG had the greatest 
δ 18Odiff (4.36 ± 0.84‰), followed by COC (4.10 ± 1.80‰), PAN (3.70 ± 1.00‰), BOU (3.17 ± 1.19‰), TRU 
(2.93 ± 2.21‰), PIN (1.50 ± 0.78‰), SEV (1.29 ± 2.38‰), and TUS (0.41 ± 2.05‰) (Figure 6).

In 2021, the δ 18Oxw values from all the sites were more isotopically depleted during the hyper-arid period 
(−13.45 ± 1.48‰) compared to the monsoon period (−8.64 ± 1.82‰) (Figure 5), even at the sites TUS, SEV, 
and PIN, which did not demonstrate a consistent switch in δ 18Oxw during 2018 (indicating trees in all sites 
switched water use from snowmelt to NAM precipitation) (Tables S3 and S4 in Supporting Information S1). 
When assessing the switch in water source use from winter to summer precipitation, δ 18Odiff, COC had the greatest 
δ 18Odiff (7.07 ± 1.42‰), followed by PAN (6.07 ± 1.30‰), TUS (5.07 ± 1.82‰), BOU (4.87 ± 0.78‰), PIN 
(4.54 ± 1.23‰), TRU (3.84 ± 1.20‰), SEV (3.04 ± 1.03‰), and MBG (1.63 ± 0.81‰) (Figure 6).

We found a significant difference in the seasonal differences in δ 18Oxw between the monsoon versus hyper-arid 
periods, (F1,284.18 = 1,080.73, p < 0.0001), suggesting a switch in water source use from winter precipitation (from 
the δ 18Oxw collected during the hyper-arid period) to monsoon precipitation (from δ 18Oxw collected during the 

Figure 3.  Oxygen (δ 18O) and hydrogen (δ 2H) isotope data of xylem water during three seasonal periods (spring, hyper-arid, 
North American Monsoon (NAM)), soil water (5 cm, 25 cm, 45 cm), and precipitation data collected during 2018 and 2021. 
The black line represents the Global Meteoric Water line. The density plots for the δ 2H (left) and δ 18O (bottom) represent 
xylem water data for 2018 and 2021 during the spring, hyper-arid, and NAM periods.
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monsoon period). The change in δ 18Oxw from winter precipitation to monsoon precipitation was different for each 
of the sites (period × site interaction; F6,284.17 = 17.54, p < 0.001), suggesting some sites had a stronger switch 
from winter precipitation water use to monsoon precipitation water use compared to other sites. We also found a 
site * year interaction (F6,284.09 = 3.20, p = 0.004), suggesting the trees at each site were using water differently 
between the 2 years. Additionally, we found a period * year interaction (F1,285.37 = 130.14, p < 0.0001), suggesting 
that the change in δ 18Oxw from winter precipitation to monsoon precipitation was different for each year. We also 
found a three-way interaction among year * site * period (F6,285.32 = 3.51, p = 0.0023) (Table S2 in Supporting 
Information S1).

Figure 4.  Soil water and precipitation isotopes from the 2021 growing season. For each site, there were three hydroclimate 
periods: spring (S), hyper-arid (HA), and monsoon (North American Monsoon). The black line represents the local meteoric 
water line estimated from the modeled OIPC 3.0 monthly average δ 18O and δ 2H precipitation data. We were unable to collect 
soil water or precipitation data for MBG for 2021.
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There was a significant relationship between SWEpeak (and SWEtotal) during the previous winter/current year spring 
and the NAM use (as indicated by δ 18Odiff) in the subsequent summer (Figure 7). Across all sites, greater SWE 
(both in peak and total) led to a greater tendency to switch from winter to summer precipitation us (F1,211 = 41.37, 
p < 0.0001 for SWEpeak; F1,211 = 18.06, p < 0.0001 for SWEtotal).

4.  Discussion
In this study, we examined the water sources used by P. ponderosa forest stands near the northern boundary of the 
NAM climate system domain to better understand how these forests use winter versus summer precipitation and 
how that usage might respond to an intensification of the southwestern U.S. megadrought. We chose seven of the 
sites to be within a narrow latitudinal band (within 2° latitude; Figure 1) of each other to examine the degree of 
site variance that exists in winter versus summer precipitation use that is not influenced by significant latitudinal 
effects. A reference site was chosen closer to the core of the NAM climate system and near the arid southernmost 
boundary of P. ponderosa ecosystems. The NAM climate system develops across a clear latitudinal span each 
year, progressing northward from its incipient formation in the Sierra Madre Occidental mountains of north-
western Mexico, typically in late-May, to its ultimate destination in northern Arizona and southern Utah, where 
it dissipates by mid-September (Barlow et al., 1998). In northern Arizona, near the northern boundary of the 

Figure 5.  Oxygen (δ 18O) and hydrogen (δ 2H) isotope data of xylem water for each tree during the spring, hyper-arid, and 
monsoon (North American Monsoon) periods for 2018 (top) and 2021 (bottom) season at each of the eight sites. The black 
line is the local meteoric line calculated for each site estimated from the modeled OIPC 3.0 monthly average δ 18O and δ 2H 
precipitation data.

Figure 6.  The difference in the xylem water oxygen isotope (δ 18Oxw) for each tree during the hyper-arid period (δ 18OHA) and 
after the start of the monsoon (δ 18ONAM) for the 2018 and 2021 (δ 18Odiff = δ 18ONAM − δ 18OHA). Positive values indicated a 
change from snowmelt dominated source water signal to a monsoon dominated source water signal. Zero or negative values 
indicate a continued use of snowmelt dominated source water signal from the hyper-arid period through the start of the 
monsoon.
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system, the convective nature of NAM rains interacts with a sharp change in topography, from the low-elevation 
plains of the southern deserts to the high relief of the Mogollon Rim and Colorado Plateau (Higgins et al., 1997). 
Two of our sites (COC and TRU) lie at the southern edge of this sharp change in topography, and are character-
ized by lesser amounts of winter snow, compared to the other five sites. The core site (MBG) served as a south-
ern anchor for the gradient and lies ⁓5°–6° of latitude south of the other seven sites. It is in the Santa Catalina 
Mountains north of Tucson, Arizona, which are part of the forested “island” mountains, often called Sky Islands, 
that emerge from arid lowland landscapes of the Sonoran Desert. When taken together, the group of sites that 
we assembled provides an unprecedented opportunity to examine precipitation variation and its use by trees in 
semi-arid montane forests.

With these site-specific and seasonal differences in mind, we found that trees in all but three of the most northern 
sites switched from using snowmelt water during the early-summer to monsoon rainwater during the late-summer 
during the drier year, and trees at all sites switched during the wetter year. While there is reason for intuitive 
acceptance of this observation, given the large geographic expanse of P. ponderosa and the variable findings from 
past studies, we did not assume this to be the case at the start of the study. Our results were consistent with some 
studies in which P. ponderosa did switch water source use between spring and summer. Eggemeyer et al. (2009) 
observed a switch from deeper to shallower soil water in a 65-year-old P. ponderosa plantation from a single site 
in the Sandhills of Nebraska. Roden and Ehleringer (2007) compared the δ 18O of latewood cellulose in P. ponder-
osa growing in three different stands, in Arizona, California, and Oregon. They found an increase in the δ 18O of 
latewood in the Arizona forest, compared to the others which received less NAM rain, also suggesting the switch 
to the use of summer monsoon rain. However, given the limitations of the study's experimental design, Roden 
and Ehleringer (2007) found no observed trends in latewood δ 18O with interannual differences in summer rain. 
Thomas et al. (2009) studied P. ponderosa in central Oregon, where summer monsoon rain is absent, and found 
evidence of a seasonal switch between deeper and shallower water sources, though the direction of the switch was 

Figure 7.  The relationship between the relative difference in xylem water oxygen isotope from summer North American 
Monsoon and hyper-arid periods (δ 18Odiff = δ 18ONAM − δ 18OHA) and SWEpeak (a) or SWEtotal (b; October–April). Each dot 
(2018)/triangle (2021) represents the mean δ 18Odiff at each site with the standard deviation. The black line represents the 
linear relationship between SWEpeak (or SWEtotal) and δ 18Odiff for all the trees in each site.
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opposite to the pattern we observed. In the Oregon forest, trees used shallower water early in the season, presum-
ably from snowmelt, and switched to deeper sources later in the summer, as the soil profile dried downward. 
However, the findings from our study were opposite to a previous study that was conducted closer to our sites in 
Northern Arizona. Using similar isotopic approaches, Kerhoulas et al. (2013) observed no evidence of significant 
use of summer monsoon precipitation. Both older (>100 years) and younger (50–60 years) trees relied almost 
exclusively on deeper water sources with isotopic composition reflecting winter snow. Given the disparate, and 
in some cases, conflicting, results of these past studies, and their restriction to a few widely separated sites, there 
simply was not a basis on which to generalize about forest water use in montane ecosystems of the western U.S. 
Thus, our study has significance in providing deeper insight into the patterns of water use across a broader set of 
sites with greater variance among sites in the amounts of winter and summer precipitation.

The differences in the degree of source-water adjustment between 2018 and 2021 in some of the stands suggest 
an extrinsic interaction between the relative distributions of winter and summer precipitation conditions. We posit 
that this interaction is due to wetter winters facilitating a tree's ability to use summer precipitation (Figure 7). We 
expand upon this hypothesis in the following section.

4.1.  Seasonal Precipitation Inputs and Tree Water Use

In general, 2021 was a wetter year than 2018, both in winter and summer monsoon precipitation. However, we 
would like to point out that 2021 was still considered a drought year, and part of the ongoing southwestern U.S. 
megadrought (Williams et al., 2022). At all seven of the sites at the northern edge of the NAM domain, SWEpeak 
was considerably greater in 2021, compared to 2018, resulting in a later snowmelt (snow disappearance was 
later in 2021 than in 2018) (Table 1; Figures 2a and 2b). The larger snowpack in 2021, combined with a longer 
melt-out period led to soils remaining wet for a longer period of time (Figure S3 in Supporting Information S1; 
Harpold et al., 2015; McNamara et al., 2005). Additionally, at all sites in 2021, the monsoon rains started two 
weeks earlier than in 2018 (Figures 2c and 2d), which would have further contributed to more mesic conditions 
compared to 2018 and led to wetter soils and lower VPD throughout the entire summer. These conditions also 
likely enhanced plant available water (McNamara et  al.,  2005). These two contrasting hydrologic years have 
provided a unique natural experiment within which to examine plant water use, as it allowed us to assess the 
complex interactions between winter and summer precipitation on plant available water.

Fine roots play an essential role in a tree's water uptake and transport because they can be physiologically and 
morphologically responsive to changes in water availability (Flanagan et al., 1992; Grossiord et al., 2017). If trees 
experience prolonged dry periods where the soil water potential drops below the permanent wilting point, roots 
can become dehydrated and may even be shed (McCormack & Guo, 2014). Root shedding reduces the effective 
surface area of the root system, which can limit the tree's ability to absorb water when the soil becomes wet again. 
Even when soil moisture content returns to a sufficient level, there can be a delay in the growth of fine roots, once 
again, reducing a tree's ability to respond quickly to increases in water availability (McCormack & Guo, 2014). 
We hypothesize that during the drier year of 2018, low snowpack and early melt caused dry soils during the early 
summer and reduced the ability of trees to quickly respond to the summer water source (Figure 6). During the wetter 
year of 2021, in contrast, the effect of moist spring soils likely extended the period of water availability later into the 
hyper-arid period, allowing the trees to respond more quickly to the eventual onset of the NAM. If this hypothesis is 
correct, the state of the fine root surface area of trees at the onset of the NAM has an important impact on seasonal 
linkages between the use of winter and summer precipitation sources. The extent to which extended droughts, much 
like the current megadrought, influence fine root maintenance during the hyper-arid period could represent a signif-
icant vulnerability in semi-arid forests of western North America and is worth investigation in future studies. For 
example, Urrutia-Jalabert et al. (2023) have observed that forests in Central Chile are maintaining their grow rates, 
despite an ongoing megadrought, by shifting their source water use to deeper pools of water. However, the role of 
forest cover characteristics and soil properties in mediating the effects of prolonged droughts should not be over-
looked. As Dwivedi et al. (2023) illustrates, factors such as tree density and snow accumulation patterns can signif-
icantly influence root stress and the infiltration capacity of soils. It is vital to incorporate these variables in future 
studies to develop a comprehensive understanding of forest response to extreme and prolonged drought conditions.

4.2.  Antecedent Effects Involving Winter and Summer Precipitation

Previous studies have shown that P. ponderosa have a high degree of water use plasticity (Bowling et al., 2003; 
Kerhoulas et al., 2013; Marshall & Monserud, 2006; Roden & Ehleringer, 2007), and the explanations were based 
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on precipitation inputs; in years with a large snowpack and/or late snowmelt, trees used more winter precipitation, 
while years with large summer rainfall, trees used more summer rains. Our results show that this perspective 
is too simplistic because summer soil moisture is dependent not only on summer precipitation inputs, but also 
antecedent soil moisture conditions from the winter and spring. The antecedent moisture conditions that are 
established in the soils due to winter precipitation can influence the trees' ability to use summer rains. In a recent 
study, Martin et al. (2018) found that within a watershed in western Montana, Douglas fir trees growing in lower 
elevations (that received less winter snowpack) used snowmelt water at a greater fraction of total growing-season 
water use, than trees growing in higher elevations (that received more winter snowpack). That is, even though 
higher elevation trees received more than 50% more snowfall, trees growing at the higher elevations had more of 
a summer rainfall isotopic signal and less of a winter snowpack signal. In another study in a high elevation conifer 
forest in SW Colorado that receives high snowfall, Berkelhammer et al. (2020) observed all conifers to quickly 
switch to summer rain use. However, it is important to note that Berkelhammer et al. (2020) used cellulose δ 18O 
and was conducted in a snow-dominated region, which differs from our study. Nevertheless, in both Martin 
et al. (2018) and Berkelhammer et al. (2020), the large snowpack appears to keep soils wet for longer during the 
spring and into the summer, thereby facilitating summer precipitation water use.

Although we observed most of the trees from our study switched from winter to summer precipitation water use, 
there were some trees in three sites, TUS, SEV, and PIN, that did not show a change in δ 18Oxw during 2018 but 
did during 2021. These results are consistent with a failure to use monsoon precipitation during the dry-winter 
year (2018), but a success during the wet-winter year (2021) (Figures 5 and 6). The results cannot be explained 
by differences in summer precipitation alone, but can be explained by interactions between winter precipitation 
(i.e., SWEpeak) and summer precipitation (i.e., monsoon rain). For example, in 2018, some trees at TUS did not 
switch water source use, but they did in 2021, even though the summer monsoon rains were only slightly more 
compared to 2018 (Table 1). The greater difference was that SWEpeak in 2018 was 75% lower than that of 2021. 
In contrast, some sites switched source water use during both years, even with less summer monsoon input. For 
example, TRU received twice the SWEpeak in 2021 compared to 2018, but received less monsoon precipitation 
during 2021; nevertheless, trees from TRU in 2021 still switched from a snowmelt water source to a monsoon 
water source during the summer monsoon period. The water use responses in these forests support our reasoning 
that wet winters can help facilitate the use of summer rains in ponderosa pines. While we used a simplistic view 
on a switch in source water that did not account for potential errors that could affect the isotopic composition 
of source water use, for example, winter snowpack sublimation, lack of higher temporal resolution in precip-
itation isotopes, variation in rooting depth and depth in which trees access water, we still found a statistically 
significant relationship between snowpack and a switch from winter to summer precipitation water use in these 
forests. Thus, with expected decreases in snowpack and more variable summer precipitation (Hamlet et al., 2005; 
Knowles et al., 2006; Seager et al., 2007; Seager & Vecchi, 2010), this can greatly impact if and how these trees 
use summer monsoon rains.

We believe that wet winters increase a trees ability to take advantage of summer rains through summer water 
infiltration patterns and hydrologic connectivity within the soil profile, which led to the maintenance of fine root 
activity during the hyper-arid period. During years with low snowpack, the shallow soil layers become dry earlier, 
leading low soil water potential and low soil hydraulic conductivity. As a result, fine roots may become inactive 
and even senesce. In contrast, during years with a higher snowpack the shallow soil layers remain wet for longer, 
leading to higher soil water potential and higher hydraulic conductivity, which can maintain fine root activity. 
When the NAM rains do arrive, the higher hydraulic conductivity can transmit the precipitation deeper into the 
soil layers (Bowyer-Bower, 1993) and the fine roots will be able to take up more summer precipitation. During 
the wet year (2021), we found this to be the case (Figure 4). In all of our sites, soils 25 cm and below showed a 
NAM isotope signal during the late summer, suggesting that larger snowpack led to higher hydraulic conductivity 
in the soils, which likely kept the shallow fine roots active, allowing these trees to take up monsoon precipitation 
(Figure 4) (Berkelhammer et al., 2020; Kumar et al., 2019).

As climate change continues to impact the hydroclimate in the western U.S. (Seager et  al.,  2007) and likely 
extend the megadrought, understanding the interactions between winter and summer precipitation on plant avail-
able water is important. While summer rains can provide relief for water stressed trees, our study indicates that 
decreases in snowpack can impact a trees ability to use that summer rain. In a region such as the North American 
monsoon region where plants rely on both winter and summer precipitation, changes to one or both of these 
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different moisture supplies can have large impacts on a plants ability to use different pools of soil moisture and 
ultimately alter a plants ability to cope with water stress.

5.  Conclusions
Our study suggests that potentially complex interactions between winter and summer climate systems have 
important influences on how trees in semi-arid montane forests use water. These findings demonstrated that 
during a low snowpack year, trees found in the northern periphery of the monsoon region used less monsoon 
precipitation than during a high snowpack year. This result was consistent across multiple distinct forest sites. We 
believe this is because a shallow snowpack does not provide sufficient snowmelt to keep soil moisture elevated 
and the fine roots active until the arrival of the monsoon rains. However, during a higher snowpack year, higher 
soil hydraulic conductivity allowed summer precipitation to infiltrate into the soils and be utilized by the trees. 
Our results provide important new insights on how the interaction between winter and summer precipitation can 
help us assess the impact that a continuing megadrought will have on plant water uptake.
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