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The relationships among stand density and seasonal plant water source patterns in ponderosa pine (Pinus ponderosa) forests are important for informed management decisions in a bimodal climate with increasing variability in winter and monsoon precipitation inputs. Winter precipitation recharges soil moisture, yet it has declined over the past 20 years in the southwestern United States, and monsoon precipitation is becoming more variable in both magnitude and timing. Near Flagstaff, Arizona in August 2013 (monsoon), October 2013 (post-monsoon), and May 2014 (post winter snow melt), we measured soil moisture, soil water δD at five depths, and xylem water δD in Muhlenbergia montana (a perennial C4 grass), Festuca arizonica (a perennial C3 grass), and P. ponderosa seedlings (< 2 years old), saplings (2–5 cm basal diameter), and mature trees (> 60 cm diameter at breast height) in treated (thinned and burned) and untreated (no thinning, no burning) stands. We found that soil moisture was higher at all soil depths in treated stands in May, after snow melt, and this pattern persisted through August in the deepest soil (60 cm). We also found that, in all sampling months, δD in xylem water of grasses and pine seedlings indicated use of shallower soil water than for pine saplings and mature trees, presumably due to differences in rooting depths. Additionally, in August, δD in xylem water of pine saplings and mature trees indicated greater reliance on a deeper water source in untreated stands than in treated stands, likely due to greater competition for shallow water in untreated stands. Our isotopic data indicate that grasses and seedlings used predominantly monsoon water in August and October, while pine saplings and mature trees used predominantly winter water during all sampling months. Importantly, our data indicate that regenerating trees (seedlings and saplings) used both winter and monsoon seasonal water sources, suggesting an increasingly important role for monsoon precipitation if winter precipitation inputs continue to decline. Collectively, these findings demonstrate that management actions can benefit forests via increased soil moisture, that overstory trees rely predominantly on winter precipitation, and that monsoon precipitation is important for herbaceous species and younger, regenerating overstory trees.
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1. Introduction

Many coniferous forests in the western United States are overly dense due to past fire suppression and overgrazing, making them more vulnerable to the impacts of drought, pests, and wildfire (Covington et al., 1997). Management treatments including thinning and prescribed burning are therefore widespread across the region, as they can improve forest health, resilience, and productivity, as well as reduce fuel loads and fire risks (Fulé et al., 2001; van Mantgem et al., 2020). In terms of ecohydrology, thinning treatments can increase soil moisture via enhanced throughfall (Stogsdill et al., 1989; Simonin et al., 2007; Cardil et al., 2018; del Campo et al., 2022), thereby benefitting understory herbaceous species (Moore et al., 2006) as well as overstory tree water status, gas exchange, foliar nitrogen content (Kolb et al., 1998; Skov et al., 2004), and growth (Skov et al., 2005).

Precipitation in the southwestern U.S. (“Southwest”) is bimodal: winter storms originate from the Gulf of Alaska and bring cold air and moisture (as snow at higher elevations) to the region, while summer monsoon rains originate from the Gulf of Mexico and Gulf of California (Douglas et al., 1993; Adams and Comrie, 1997; Higgins et al., 1997; Leavitt et al., 2011). Because they occur sporadically during the summer (July through September) when evaporation rates and plant water use are high, monsoon rains have limited ability to penetrate to deep soil layers (Simpson et al., 1972), although an above-average monsoon can do so. Contrastingly, winter rain and snow fall steadily over a longer period (October through March) when evaporation rates are low and can recharge the soil profile to greater depth (Williams and Ehleringer, 2000). These two water sources have distinct isotopic compositions, with winter snows being relatively depleted of heavy isotopes (D and 18O) and monsoon rains being relatively enriched (Dutton et al., 2005). These precipitation differences can be used to determine plants’ relative reliance on winter and summer precipitation inputs (Ehleringer and Dawson, 1992).

In the Southwest, shallowly rooted plants generally use summer precipitation while deeply rooted plants rely on deep, winter-derived soil moisture (Ehleringer et al., 1991). Climate change has influenced both of these seasonal water inputs: winter precipitation and snowpack in the western United States have decreased in recent decades (Mote et al., 2018), while monsoon rains have become increasingly irregular (Prein et al., 2022) and are likely to weaken (Hoell et al., 2022) in response to future global warming (Pascale et al., 2017). Additionally, the region is predicted to become increasingly arid as temperatures rise (Seager et al., 2007; Seager and Vecchi, 2010; Jones and Gutzler, 2016; Prein et al., 2016; Seager and Ting, 2017; Mankin et al., 2021). This decrease in winter precipitation coupled with warming temperatures will likely increase plant water stress and forest susceptibility to fire, particularly in ponderosa pine (Pinus ponderosa) forests dominating much of the region.

While past work indicates that, in northern Arizona, mature P. ponderosa trees predominantly rely on winter precipitation from deeper soil layers (∼40 cm) throughout the year (Kerhoulas et al., 2013, 2017), little is known about the reliance of herbaceous understory plants or regenerating P. ponderosa seedlings and saplings on winter and monsoon moisture and if and how thinning treatments can influence these trends. For example, tree regeneration following widespread forest mortality related to drought, pests, and/or fire can be limited by hot, dry climate and also by altered stand structures with limited seed trees (Rodman et al., 2020, 2022; May et al., 2022). It seems likely that although overstory trees may rely on winter precipitation inputs in deeper soils, germination and establishment of shallowly-rooted regenerating seedlings and saplings may depend on monsoon precipitation inputs to surface soils. To test this, we investigated seasonal water use patterns in two common, native perennial grass species, Muhlenbergia montana (C4 grass) and Festuca arizonica (C3 grass), as well as P. ponderosa seedlings, saplings, and mature trees in thinned and unthinned forests in northern Arizona. We posed two questions: (1) To what extent is thinning able to increase forest soil moisture and how does this effect vary across the year? (2) To what extent do grasses, seedlings, saplings, and mature trees rely on winter and monsoon precipitation inputs and how do these trends vary across the year? For the first question, we hypothesized that thinning would increase soil moisture due increased snowpack accumulation and fewer trees using soil water and that this effect would be least pronounced during the monsoon season due to increased solar radiation and soil water evaporation in treated stands. For the second question, we hypothesized that during the spring after snowmelt, all plants would use winter water, while during the monsoon season, due to differences in rooting depths, grasses and seedlings would use shallow monsoon-derived water, saplings would use a mix of monsoon and winter waters, and trees would use deep winter-derived water.



2. Materials and methods


2.1. Study site

Study trees are located in the Fort Valley Experimental Forest roughly 10 km northwest of Flagstaff, Arizona (N35°15′58″,W111°42′1″) at 2200 m ASL. In 1998, the study site was experimentally thinned to four average basal area densities: control 38 m2 ha–1, light thinning 22 m2 ha–1, moderate thinning 18 m2 ha–1, and heavy thinning 16 m2 ha–1, with each treatment replicated in three 17 ha units (Skov et al., 2005). We used three heavily thinned and three control plots, hereafter “thinned” and “unthinned,” respectively. Soils at this site are classified as basaltic, fine montmorillonitic complex of frigid Typic Argiborolls and Mollic Eutroboralfs (Mast et al., 1999); all plots were in close proximity to one another such that soils were considered comparable among plots. Sampling occurred in 2013 and 2014. Notably, 2013 had a record-setting high amount of monsoon precipitation, with 399 mm compared to the 2011–2021 mean of 220 ± 1 mm1 coupled with only 102 mm of winter precipitation, far below the 1991–2020 mean of 203 mm (PRISM Climate Group, Oregon State University)2.



2.2. Field samples

All soil and xylem sampling occurred in August 2013 (during the monsoon), October 2013 (after the monsoon), and May 2014 (after winter snow melt). In each plot, five mature P. ponderosa trees were randomly selected for a total of 15 trees per treatment (thinned and unthinned). Soil sampling occurred within 30 feet of each study tree, where a 60 cm hole was dug (as possible, we could only dig to 60 cm at approximately 33% of the study trees due to encountering a rock layer or hardpan) and soil was sampled at five depths: 0–5, 9–11, 19–21, 39–41, and 59–61 cm; hereafter 5, 10, 20, 40, and 60 cm depths, respectively. As such, the 60 cm soil findings are based on a reduced sample size. Soil samples were double-bagged in ziplock plastic bags. In each sampling month, xylem samples were collected from C4 grass M. montana, C3 grass F. arizonica, and P. ponderosa seedlings (< 2 years old, as confirmed by tree-rings), saplings (2–5 cm basal diameter), and trees [diameter at breast height (DBH, 1.37 m) > 60 cm]; hereafter “grasses,” “seedlings,” “saplings,” and “trees”, respectively. Within a 5 m radius around each study tree, grasses, seedlings, and saplings were sampled, as present. For grasses, the clump of M. montana and of F. arizonica nearest to each study tree was sampled. To avoid evaporative enrichment, from each grass sample all photosynthetic material was removed and the belowground corm and root mass were placed in a glass screw top vial and sealed with wax film. Surrounding each study tree, the closest seedling was removed from the soil and the stem (without leaves) and root mass (to ensure a sufficient water sample, given the small stem size) were placed in a glass screw top vial and sealed with wax film. For saplings, stems were cut, placed in glass screw top vials, and sealed with wax film. For trees, a 5-mm increment borer was used to collect one breast height core from each study tree; cores were immediately placed in glass screw top vials and sealed with wax film. All soil and xylem samples were placed in a cooler while in the field and then transported to a 0°C freezer at the Arizona Climate and Ecosystems (ACE) Isotope Laboratory (formerly Colorado Plateau Stable Isotope Lab) at Northern Arizona University (NAU) until water extraction.



2.3. Isotopic analyses

All field samples were stored, extracted, and isotopically analyzed at the NAU ACE Isotope Lab. Water was extracted from all samples on a cryogenic vacuum extraction line for 1 h (West et al., 2006). Although some recent work (e.g., Chen et al., 2020) has identified potential biases in plant source water extractions using a cryogenic vacuum line, this method has been used for decades for ecohydrological research and methodological fractionation seems to be negligible, particularly when working with natural abundance isotopes (Allen and Kirchner, 2022; Diao et al., 2022). Unfortunately, some of our August samples were lost due to complications with the cryogenic vacuum extraction process: 5 cm soil, 10 cm soil, and seedlings. For soils, glass wool was used during extraction to prevent particles from moving into the vacuum line and samples were weighed before and after water extraction to calculate % moisture using the following equation:
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All extracted water samples were immediately placed in 2 ml screw top glass vials and stored in a refrigerator until isotopic analysis. Isotopic measurements were conducted using ring down spectroscopy on an off-axis cavity output spectrometer [Los Gatos Research Inc. (LGR), Mountain View, CA, USA] with a δD precision of 0.10‰. Although extracted stem water of some species can contain compounds that interfere with accurate laser-based δD measurements, this is a minor issue for Pinus and the effect is small for this genus (0.4‰) relative to the differences in δD that we report. Further, δD of neither grass, pine, nor soil water samples differed by more than 1‰ when analyzed by LGR versus isotope ratio mass spectrometry (IRMA) in a methodological comparison (West et al., 2010). All δD stable isotope values are reported in “delta” notation, which expresses the isotopic composition of a material relative to that of an accepted standard (Vienna Standard Mean Ocean Water, VSMOW) on a per mil (‰) basis:
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where δ is the isotope ratio and Rsample and Rstandard are the molar ratios of heavy to light isotopes in the sample and the standard, respectively.



2.4. Statistical analyses

We used natural log regressions to estimate plant source water depths, a mixing model to calculate the % of monsoon water in soil and xylem waters, and 2-Way Analysis of Variance (ANOVA) to evaluate the significance of different effects on soil and xylem waters. To estimate plant source water depths, we used the isotopic signatures of soil water from different depths (20 to 60 cm for August due to loss of 5 and 10 cm samples during extraction; 0 to 60 cm for October and May) around each study tree to create a tree-specific logarithmic regression relating soil water δD to soil depth. Using this regression with xylem water isotopic signatures, we estimated, for each sampling month, the source water depth for each study tree and the two grasses, seedling, and sapling sampled by the study tree. To estimate the % of monsoon water in soil and xylem water samples, a two-source mixing model (Dawson et al., 2002) was used:
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where δsample is the isotopic signature of soil or xylem, δwinter and δmonsoon are the mean δD signatures for winter (−91‰) and monsoon (−31‰) precipitation (Kerhoulas et al., 2013), respectively, and fmonsoon is the proportion of soil/xylem water contributed by monsoon precipitation. Importantly, while this mixing model is helpful to identify relative reliance on seasonal water inputs, we note that in this system, plant source waters within the soil profile are also influenced by rooting depths and evaporative enrichment at shallow depths; model results therefore require careful interpretation. For example, relatively enriched isotopic soil water δD values in May might not indicate greater monsoon water but rather greater evaporative enrichment. Seasonal precipitation δD values used for our analyses were based on precipitation samples collected in Flagstaff, Arizona in 2009 and 2010: monsoon (July through August) = −31 ± 6‰ and winter (October through March) = −91 ± 8‰ (Kerhoulas et al., 2013). For each sampling month, 2-Way ANOVAs were performed to evaluate the significance of treatment, depth, and treatment depth interactions on soil water and of treatment, sample (two grasses, seedlings, saplings, and trees), and treatment sample interactions on xylem water. To test the normality assumption, the Shapiro-Wilk goodness-of-fit test was used; when this assumption was violated, the Wilcoxon / Kruskal-Wallis test was used to evaluate effect significance. To test the equal variance assumption, Levene and Bartlett tests were used; when this assumption was violated, the Welch test was used to evaluate effect significance. All statistical analyses were conducted using JMP (SAS Institute, Cary, NC, USA). If an effect was found to be significant (p < 0.05), Tukey’s Honestly Significant Difference (HSD) test was used to identify differences among groups.




3. Results


3.1. Soil moisture

Mean soil moisture ranged from 9 to 25% and varied significantly with treatment and depth (Figure 1 and Table 1). In August, there was a significant interaction between treatment and depth (p = 0.03), with soil moisture at the 60 cm depth being significantly higher in thinned stands compared to unthinned stands. Notably, in unthinned stands, August soil moisture at 60 cm was lower than at 20 and 40 cm depths. In October, depth was a significant effect on soil moisture (p = 0.01), with 40 cm having the highest water content compared to 5 and 10 cm depths. In May, treatment (p < 0.0001) and depth (p < 0.0001) were both significant effects on soil moisture, with a significant interaction between the two effects (p = 0.01). As such, soil moisture was higher in thinned stands compared to unthinned stands at all depths except for 20 cm and increased with depth.
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FIGURE 1
Mean (± SE) soil moisture (left column), soil water δD (middle column), and the monsoon contribution to soil water (right column) at the Fort Valley Experimental Forest near Flagstaff, AZ, USA. Sampling occurred in August 2013 (top row of panels), October 2013 (middle row of panels), and May 2014 (bottom row of panels). Within each panel, asterisks denote a significant difference between thinned and unthinned treatments, and depths not sharing the same letter are significantly different. In the soil water δD panels (middle column), local monsoon (July through September; δD = –31 ± 6) and winter (October through March; δD = –91 ± 8) precipitation δD values are shown in orange and blue bars, respectively (Kerhoulas et al., 2013). Data are missing from 5 and 10 cm depths in August due to complications with the cryogenic vacuum extraction process.



TABLE 1    Mean (± SE) soil moisture, isotopic composition, and monsoon proportions in August 2013, October 2013, and May 2014.
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Mean soil water δD signature ranged from −91 to −64‰ and varied significantly with treatment and depth (Figure 1 and Table 1). In August, treatment (p = 0.005) and depth (p < 0.0001) were significant effects on soil water δD; δD was significantly more enriched in unthinned stands compared to thinned stands at the 20 and 40 cm depths and was significantly more enriched at the 20 cm depth compared to the 40 and 60 cm depths. In October, δD was essentially invariable between treatments (p = 0.32) and among depths (p = 0.13). In May, treatment (p < 0.0001) and depth (p < 0.0001) were significant effects on soil water δD, with water being significantly more enriched in unthinned stands compared to thinned stands and δD depleting with depth.

Evaluating soil moisture in the context of percent monsoon water, trends closely mirrored the above δD soil water trends, with mean monsoon precipitation contribution to soil water ranging from 2 to 45% and treatment and depth both acting as significant effects (Figure 1 and Table 1). In August, treatment (p = 0.002) and depth (p < 0.0001) were significant effects on the proportion of monsoon rain in soil water; unthinned stands had significantly higher monsoon inputs in soil water compared to thinned stands at the 20 and 40 cm depths and the proportion of monsoon rain decreased with depth. In October, monsoon precipitation accounted for approximately 10–20% of soil water and did not significantly vary between treatments (p = 0.30) or among depths (p = 0.11). In May, treatment (p < 0.0001) and depth (p < 0.0001) both significantly influenced the proportion of monsoon rain in soil water, with monsoon inputs being higher in unthinned stands compared to thinned stands and decreasing with depth.



3.2. Xylem water

Mean xylem water δD ranged from −85 to −36‰ and varied significantly among plant samples (two grass species and P. ponderosa seedlings, saplings, and mature trees) but was not significantly influenced by treatment (Figure 2 and Table 2). In August, sample significantly (p < 0.0001) affected xylem water δD, with the two grass species having more enriched signatures compared to saplings and mature trees, and mature trees having more depleted signatures than saplings. In October, sample significantly (p < 0.0001) affected xylem water δD, with the two grasses and seedlings having enriched signatures compared to saplings and mature trees. In May, sample significantly (p < 0.0001) affected xylem water δD, with M. montana (C4 grass) and seedlings having the most enriched signatures, followed closely by F. arizonica (C3 grass), and saplings and mature trees having the most depleted signatures.
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FIGURE 2
Mean (± SE) source water depth, xylem water δD, and the monsoon contribution to xylem water at the Fort Valley Experimental Forest near Flagstaff, AZ, USA. Sampling occurred in August 2013 (top row of panels), October 2013 (middle row of panels), and May 2014 (bottom row of panels). Within each panel, asterisks denote a significant difference between thinned and unthinned treatments, and samples not sharing the same letter are significantly different. Samples include: Muhlenbergia montana (MUMO), Festuca arizonica (FEAZ), Pinus ponderosa seedlings, P. ponderosa saplings, and P. ponderosa mature trees (PIPO). In the xylem water δD panels (middle column), local monsoon (July through September; δD = –31 ± 6) and winter (October through March; δD = –91 ± 8) precipitation δD values are shown in orange and blue bars, respectively (Kerhoulas et al., 2013); mean soil water δD values are also shown as different horizontal lines for the 5, 10, 20, 40, and 60 cm soil depths (thinned and unthinned stands pooled). Data are missing from seedlings and the 5 and 10 cm soil depths in August due to complications with the cryogenic vacuum extraction process.



TABLE 2    Mean (± SE) xylem water data from the Fort Valley Experimental Forest near Flagstaff, AZ, USA.
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Our modeled source water depths based on xylem and soil water δD signatures ranged from 0 to 60 cm (on average) and found that sample and treatment had significant effects on source water depth (Figure 2 and Table 2). In August, treatment (p < 0.0001) and sample (p < 0.0001) were significant effects on source water depth, with a significant interaction between the two effects (p = 0.0001). During the monsoon, August source water depths were at the soil surface for the two grass species and were significantly deeper for saplings and mature trees; saplings and mature trees in unthinned stands used water from deeper depths (58 ± 13 cm and 60 ± 14 cm, respectively) compared to saplings and mature trees in thinned stands (12 ± 2 cm and 35 ± 3 cm, respectively). In October, source water depths varied significantly among samples (p < 0.0001), with grasses and seedlings using surface soil waters, saplings using water from 17 ± 5 cm depth, and mature trees using water from 31 ± 9 cm depth. In May, source water depths significantly varied among samples (p < 0.0001), with grasses and seedlings using surface soil waters, saplings using water from 24 ± 4 cm depth, and mature trees using water from 35 ± 4 cm depth.

Evaluating xylem water in the context of percent monsoon water, monsoon contribution trends closely mirrored the above δD xylem water trends, with mean contribution ranging from 10 to 90% and significantly varying among samples (Figure 2 and Table 2). In August, the monsoon contribution to xylem water varied significantly among samples (p < 0.0001), with monsoon inputs representing 87 ± 2% of grass xylem water, 27 ± 2% of sapling xylem water, and 11 ± 1% of mature tree water. In October, the monsoon contribution to xylem water varied significantly among samples (p < 0.0001), with monsoon inputs representing 68 ± 2% of grass xylem water, 67 ± 4% of seedling xylem water, 20 ± 2% of sapling xylem water, and 14 ± 2% of mature tree water. In May, the monsoon contribution to xylem water varied significantly among samples (p < 0.0001), with monsoon inputs representing 63 ± 3% of grass xylem water, 73 ± 4% of seedling xylem water, 13 ± 3% of sapling xylem water, and 10 ± 1% of mature tree water.




4. Discussion

Our findings indicate that while mature P. ponderosa trees rely primarily on winter precipitation inputs, understory grasses and seedlings use substantial amounts of monsoon rain water when it is available. Thus, to perpetuate P. ponderosa forests, both seasonal water inputs are critical. This study also demonstrates that thinning can increase soil moisture throughout the year, particularly in deeper soil layers that recharge via winter snows and from which mature trees appear to draw the bulk of their water. Moving into the future, as winter snow will likely continue to decrease (Seager and Vecchi, 2010; Mote et al., 2018) and the monsoon system will likely weaken (Pascale et al., 2017; Prein et al., 2022), improved understanding about the timing and extent of forest reliance on these seasonal precipitation inputs and if/how management efforts can maximize water availability is important for effective land stewardship.


4.1. Soil moisture

A major finding of our work is that thinned stands had higher soil moisture than unthinned stands, presumably due to reduced canopy interception of snow coupled with reduced overstory water use. More specifically, in August, deep soil water (60 cm) was greater in thinned compared to unthinned stands. In unthinned stands, the low August 60 cm soil moisture (compared to 20 and 40 cm depths) suggests that winter water was depleted more quickly in these dense stands than in more open, thinned stands where 60 cm soil moisture was greatest.

Interestingly, in October, neither soil moisture nor monsoon contribution varied significantly among soil depths or between treatments, possibly indicating that by the end of the growing season, differences in soil water recharge, overstory water use, understory water use, and evaporation had balanced out to yield a uniform water availability throughout the soil, regardless of stand structure. Notably, 2013 was an above-average monsoon season following a winter with below-average precipitation. The fact that post-monsoon (October) deep (40–60 cm) soil moisture ranged from 21 to 25%, comparable to May 2014 soil moisture (19–29%) immediately after snowmelt, indicates that an above-average monsoon season can replenish deep soil water and that thinning treatments can increase this recharge.

Similar to August, in May, thinned stands had higher soil moisture at all soil depths compared to unthinned stands, soil moisture increased with depth, and unthinned stands had more enriched isotopic signatures throughout the soil compared to thinned stands. Although the soil water isotopic data and mixing model indicate greater monsoon water in unthinned than thinned stands in August and May, these patterns are likely driven by reduced winter snowpack in unthinned, dense stands yielding a relatively enriched soil water signature (Kerhoulas et al., 2013). For example, the relatively enriched May soil water δD in unthinned stands is likely driven by reduced snowpack accumulation under the dense canopy rather than a relatively high amount of monsoon rain input, as residual monsoon water in the soil from the previous summer is likely negligible after winter snow melt. Thus, these trends in soil moisture and isotopic composition collectively can be interpreted to indicate that thinned stands receive greater winter snowpack accumulation, which results in greater, more long-lasting recharge of deep soil water.



4.2. Xylem water

Another major finding of our work is that grasses and P. ponderosa seedlings used almost exclusively shallow soil water with a high proportion of monsoon input, while P. ponderosa saplings and trees used almost exclusively deep soil water with a high proportion of winter precipitation input. Stem water δD in understory grasses M. montana (C4) and F. arizonica (C3) and pine seedlings was largely reflective of monsoon rain use, particularly in August (during the monsoon) and October (immediately after the monsoon). Because germinants often suffer high mortality due to desiccation in the first summer (Cui and Smith, 1991), this is a notably vulnerable stage of life. Further, seedlings have limited space for water storage and also lack well established root systems and/or mycorrhizal partnerships for maximizing water uptake, making them particularly vulnerable to desiccation. Thus, our isotope-based finding that seedlings predominantly use shallow water highlights the importance of summer rains for the successful establishment of new overstory cohorts.

Unlike our soil water findings, thinning treatments had little effect on understory and overstory water source patterns, except in August when saplings and trees in unthinned stands used significantly deeper water than counterparts in thinned stands, suggesting that high competition stimulated deeper rooting or greater reliance on water accessed by deep roots. Pairing this finding of relatively deep August water use by saplings and trees in unthinned stands with our finding of relatively high deep (60 cm) August soil moisture in thinned stands suggests that greater snowpack and reduced overstory water use after thinning extended the persistence of deep, winter-derived soil water throughout the growing season in thinned stands. In other words, saplings and trees in dense, unthinned stands likely had less snow-derived water input and greater competition for soil water such that by August, they were having to seek water at deeper depths compared to saplings and trees in more open, thinned stands with greater winter water input and less competition for this water. For saplings, while pre- (May) and post-monsoon (October) xylem water δD did not significantly differ from mature trees, during the monsoon, saplings had enriched August xylem water δD with greater monsoon contribution than mature trees, suggesting that these regenerating overstory trees use monsoon water inputs when available. Additionally, by using shallower water in August, saplings in thinned stands used (insignificantly) more monsoon water than saplings in unthinned stands, possibly indicating that treatments can enhance the use of summer water inputs (although our soil water δD data did not measure increased monsoon inputs in thinned stands). We note that further study is needed to improve understanding about how treatment influences source water depth, as a significant treatment effect was detected on sapling and tree source water depths in August but not on their corresponding xylem water δD values (Figure 2).




5. Conclusion

Our study highlights the importance of winter and monsoon precipitation for P. ponderosa forests and how management can possibly enhance forest resilience. As hypothesized, we found that forest thinning can benefit understory and overstory plants by increasing soil water availability and that this effect was most pronounced in the spring following snowmelt. More specifically, we found that decreased stand density fostered greater soil moisture at deep (60 cm) soil depths during the summer monsoon (August) and at all soil depths immediately after snowmelt in the spring (May). This management-facilitated increase in soil moisture could have a profound effect on forest resilience as the Southwest becomes warmer and drier. Our investigation of seasonal water source patterns among grasses, seedlings, saplings, and mature trees offers new insights on the importance of winter snows and monsoon rains. Broadly, our data illustrate that grasses and seedlings use very shallow soil water while saplings and mature trees use much deeper soil waters. In support of our hypothesis, we demonstrate that both seasonal precipitation inputs are important for regenerating P. ponderosa, with seedlings primarily relying on shallow soil waters largely derived from monsoon rains and saplings primarily relying on deep soil waters primarily derived from winter snowmelt but also using some shallow soil water derived from monsoon rains in August. This finding of seedling and sapling monsoon water use highlights the importance of this seasonal water source for new overstory recruitment, especially if winter snowpack continues to decrease. Remarkably, and somewhat surprisingly, our results indicate that even in years with low winter precipitation and high monsoon precipitation, mature trees at this site primarily rely on deep, winter-derived water throughout the year, even during the monsoon season. In summary, this study demonstrates that thinning forests can increase soil water availability for understory and overstory plants, conifer seedlings predominantly use monsoon water, and mature conifers predominantly use winter water; these findings are important as we strive to effectively manage and perpetuate resilient forests in the face of changing climate and fire regimes.
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