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Abstract:



The North American Monsoon delivers warm season precipitation to much of the southwestern United States, yet the importance of this water source for forested ecosystems in the region is not well understood. While it is widely accepted that trees in southwestern forests use winter precipitation for earlywood production, the extent to which summer (monsoon season) precipitation supports latewood production is unclear. We used tree ring records, local climate data, and stable isotope analyses (δ18O) of water and cellulose to examine the importance of monsoon precipitation for latewood production in mature ponderosa pine (Pinus ponderosa Dougl.) in northern Arizona. Our analyses identified monsoon season vapor pressure deficit (VPD) and Palmer Drought Severity Index (PDSI) as significant effects on latewood growth, together explaining 39% of latewood ring width variation. Stem water and cellulose δ18O analyses suggest that monsoon precipitation was not directly used for latewood growth. Our findings suggest that mature ponderosa pines in this region utilize winter precipitation for growth throughout the entire year. The influence of monsoon precipitation on growth is indirect and mediated by its effect on atmospheric moisture stress (VPD). Together, summer VPD and antecedent soil moisture conditions have a strong influence on latewood growth.
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1. Introduction


The North American Monsoon delivers warm season precipitation to much of the southwestern United States, yet the importance of this water source for forested ecosystems in the region is not well understood. Understanding the relative importance of winter and monsoon precipitation on tree growth in the USA Southwest is important, as drought-induced forest mortality is widespread [1,2,3,4,5] and the region will likely dry substantially in the next century [6,7,8,9,10]. Likely reductions in winter snow in the western USA [11,12,13,14] will decrease winter recharge of forest soils, and projected earlier spring snowmelt will likely increase growing season length [15] and forest water demand. The North American Monsoon System has had major shifts in the past [16,17] and a substantial northward shift in monsoon precipitation distribution is expected in the future [18,19,20]. This shift could reduce summer precipitation in areas that now receive a large fraction of annual precipitation during the summer monsoon season. Understanding the ecological implications of these potential changes in the timing and form of precipitation can be improved by studies of seasonal sources of moisture to dominant vegetation.



Distinct winter and summer inputs to the bimodal precipitation regime of the southwestern United States are caused by seasonal changes in atmospheric circulation [21]. Winter precipitation from northern Pacific systems falls during periods of low evaporative demand and therefore penetrates deep into the soil, while late summer monsoon precipitation derived from subtropical eastern Pacific and Gulf of Mexico air masses occurs as short, intense events when evaporation is high [21,22]. These conditions largely restrict infiltration of monsoon precipitation to upper soil layers [23,24]. Winter and summer precipitation inputs have distinct isotopic signatures, with winter precipitation being more depleted in the heavier isotopes (2H and 18O) than summer precipitation [25]. The combination of greater infiltration by the isotopically more depleted winter precipitation and greater evaporative enrichment of isotopically heavier summer precipitation creates an isotopic gradient from heavier to lighter with increasing soil depth [24,26,27].



The distinct isotopic signatures of seasonal precipitation can be used to determine plant water sources throughout the year. Stable isotope analysis of water in precipitation, soil, and plant stems is commonly used to study plant reliance on seasonal precipitation [7,21,22,24,27,28,29]. Stable isotope analysis of alpha cellulose can also identify seasonal water sources and integrates water use over a longer time period than stem water analyses [30,31,32,33]. Although alpha cellulose δ18O is enriched to varying degrees compared to source water because of leaf water evaporative enrichment and biochemical fractionation during photosynthesis and cellulose synthesis [34,35], it can still be used to detect differences in source water [21,22,33]. Dendrochronology provides a third method to investigate tree seasonal water use by studying correlations between annual or sub-annual ring widths and seasonal precipitation inputs [23,24,36,37].



Our study sought to understand ponderosa pine (Pinus ponderosa Dougl. ex Laws.) use of monsoon precipitation and its relationship to latewood growth. Dendrochronological [25,36,37,38,39,40] and isotopic [24,26,27,33,41,42] analyses suggest utilization of monsoon precipitation for latewood production. Furthermore, at the ecosystem-scale, monsoon-season gross primary productivity in northern Arizona ponderosa pine forests is positively related to the amount of precipitation during this season [43]. However, in this same region, ponderosa pine stem water had a consistent isotopic signature of winter precipitation year round, including the monsoon season, over a two year period [24]. Thus, there is a discrepancy among studies: research using latewood ring widths, cellulose δ18O, and cellulose δ13C measurements show a correlation between summer growth and monsoon precipitation amounts, whereas direct measurement of summer stem water δ2H fails to detect the use of monsoon precipitation for growth.



We reasoned that the positive relationship between monsoon precipitation and latewood growth observed in the above studies, despite the lack of isotopic evidence for direct uptake of this moisture, might be based on the effect of monsoon precipitation on vapor pressure deficit (VPD). A measure of atmospheric water demand, VPD is the driving force for transpiration and influences plant water potential, stomatal conductance, and photosynthesis. Increased VPD, when coupled with limited soil moisture, reduces stomatal conductance and photosynthesis, and in the extreme can drive hydraulic failure, cessation of growth, and depletion of carbohydrates [2,44,45,46]. Our earlier research suggests that winter precipitation supplies the water used by ponderosa pine for latewood growth [24]. In this study, we investigate the possibility that monsoon season precipitation indirectly influences latewood production via its effect on VPD and therefore stomatal conductance and photosynthesis. Specifically, we hypothesize that the reduction in VPD associated with monsoon precipitation, rather than the precipitation input to the soil itself, is the dominant influence on latewood growth. Unlike earlier studies of latewood growth that used either dendrochronological or isotopic analyses, we tested this hypothesis using both dendrochronological and isotopic methods.




2. Materials and Methods


2.1. Study Site and Trees


Our study site was located in the Fort Valley Experimental Forest (USDA Forest Service, Rocky Mountain Research Station) 10 km northwest of Flagstaff, AZ, USA (35°15′58″ N, 111°42′1″ W, elevation 2200 m). The soils are classified as basaltic, fine montmorillonitic complex of frigid Typic Argiborolls and Mollic Eutroboralfs [47]. A 1998 experimental thinning in this forest yielded average post-treatment basal area densities ranging from 15.8 to 38.2 m2 ha−1 [48]. We initially selected seventy-two ≥60 cm diameter at breast height (DBH), healthy, and non-leaning ponderosa pine trees across a range of basal area densities. From these 72 trees, we then randomly selected thirty-six as study trees. These 36 trees had an average height of 28.9 ± 0.76 m; a diameter at breast height of 73.8 ± 1.4 cm; an age of 219 ± 11 year; and a neighborhood basal area density, as measured with a basal area factor 10 angle gauge, of 13.5 ± 1.2 m2 ha−1. For the alpha cellulose δ18O component of this study, we randomly sub-sampled 10 trees from the 36 study trees. These 10 trees for δ18O analysis had an average height of 27.0 ± 1.2 m; a DBH of 73.0 ± 2.2 cm; and an age of 200 ± 23 year.




2.2. Core Collection and Processing


2.2.1. Latewood Ring Width


We sampled increment cores from 36 treetops (average collection height of 22.1 ± 0.5 m) using arborist-style climbing techniques [49] in summer 2009. Treetop increment cores were taken from as high on the bole as was deemed safe to climb (usually within 5 m of apical meristem). In each tree, we collected cores from two treetop radii for a total of 72 cores. Treetops were used because they are the most climatically sensitive position; the methodology for core preparation and analysis has been previously described [50]. Treetop latewood chronology statistics from COFECHA [51] and ARSTAN [52] include: sample size = 27 trees, mean annual growth = 0.25 mm, mean sensitivity = 0.49, series intercorrelation = 0.45, first order autocorrelation = 0.43, and expressed population signal [53] = 0.96. When a core could not be confidently cross-dated, we removed that core from the analysis, resulting in a final sample size of 27 trees. After cross-dating all cores to make a treetop latewood chronology, we truncated the series to 1948 to 2008 because instrumental climate data for VPD at our study site are available only after 1948. All analyses are therefore based on the sixty-year time period 1948–2008. We also constructed an adjusted latewood ring width chronology where the latewood autocorrelation with earlywood ring width was removed [36,37,39,42]. However, for monsoon climate correlations we found the unadjusted latewood ring width index (RWI) chronology more informative and therefore report those analyses in this paper.




2.2.2. Alpha Cellulose δ18O


For the alpha cellulose component of this study, in December 2010 we used a 12 mm increment borer to collect cores at 1.34 m above the ground at three azimuth angles from each of 10 study trees randomly selected from the 36 study trees used in the dendrochronological portion of this study. As removal of three large-diameter cores would likely damage treetops, we cored at breast height for this portion of our study. These 30 cores were prepared using standard dendrochronological techniques [50].





2.3. Isotopic Analyses


2.3.1. Precipitation Samples


We collected local precipitation between August 2008 and December 2010 by the methods described in Kerhoulas et al. [24]. When estimating seasonal precipitation isotopic signatures, we defined winter precipitation as falling from October through March, spring precipitation as April, May, and June, and monsoon precipitation as July, August, and September. We used the full two-year dataset of precipitation samples to calculate an average and range of isotopic composition for winter, spring, and monsoon season precipitation. For corroboration, we compared our δ18O measurements of local precipitation to those of the United States Network for Isotopes in Precipitation (USNIP) as well as to modeled estimates of local precipitation δ18O values based on our study site’s latitude, longitude, and elevation [54]. Our measured values agreed well with these other estimates, differing by 0.18‰ and 0.22‰ for 18O in winter and monsoon precipitation, respectively.




2.3.2. Soil and Stem Water Samples


We collected soil (40 cm depth) and stem water samples in winter (March 2009, April 2010), spring (June 2009 and 2010), and the late-summer monsoon season (August 2009 and 2010) to characterize seasonal water isotope signatures [24]. We report soil water data from the 40 cm depth, as previous work in this study system showed trees predominantly draw water from this depth [24].




2.3.3. Water Sample Analyses


Rainwater and soil and plant extracted water were analyzed at the Colorado Plateau Stable Isotope Laboratory (CPSIL) by isotope ratio infrared spectroscopy on an off-axis cavity output spectrometer (Los Gatos Research Inc., Mountain View, CA, USA) with a δ18O precision of 0.12‰. Although extracted stem water of some species can contain compounds that interfere with accurate δ18O measurements [55], the effect is small (0.24‰) relative to the differences in δ18O reported here (e.g., winter versus monsoon precipitation δ18O = −13.29‰ versus −4.90‰).




2.3.4. Alpha Cellulose δ18O Samples


For isotopic analysis of tree ring alpha cellulose δ18O, we mounted and sanded the 12 mm cores, then excised the 2009 and 2010 annual rings using a scalpel under a 20× dissecting microscope, dividing each year into earlywood and latewood. A middle section of each annual ring between earlywood and latewood was discarded to minimize risk of contamination in the sub-annual samples. The excised middle sections of each annual ring contained both earlywood and latewood, thereby ensuring that each sub-annual sample was purely earlywood or purely latewood. For each tree, the three samples (one per 12 mm core taken) of each sub-annual ring were pooled, dried at 70 °C for 48 h, and powdered with a ball mill (MM200, Retsch, Haan, Germany). Alpha cellulose was extracted using a Soxhlet apparatus at the University of Arizona’s Laboratory of Tree-Ring Research in Tucson, AZ, USA [56]. Roughly 100 mg of each ground sample was loaded into a fiber filter bag (ANKOM Technology, Macedon, NY, USA) that was then heat sealed for cellulose extraction. To remove secondary compounds such as resins and oils, filter bags were placed in a Soxhlet apparatus to reflux a 2:1 mix of toluene:ethanol for 12 h, dried, extracted for another 12 h in pure ethanol, and dried again. To remove soluble sugars and low molecular mass polysaccharides, sample bags were boiled in deionized (DI) water for five hours. Lignin was removed with a sodium chlorite:glacial acetic acid solution that was periodically replaced over a three day period. Finally, to remove other non-alpha-celluloses, samples were submerged in 17% sodium hydroxide for one hour, rinsed repeatedly with DI water, submerged in 10% glacial acetic acid for one hour, and again rinsed extensively with DI water [57]. Alpha cellulose samples were then dried at 70 °C for 48 h.




2.3.5. Alpha Cellulose δ18O Analyses


For δ18O measurements of alpha cellulose, 0.35 mg of each sample was loaded into a silver capsule and converted to CO by pyrolysis in a hot (1400 °C) alumina:glassy carbon reactor (Thermo-Finnigan TC/EA, Bremen, Germany) and separated from other gases in a 0.6-m molecular sieve 5A gas chromatography (GC) column connected to a Thermo-Quest Finnigan deltaPlus XL isotope ratio mass spectrometer (IRMS, Bremen, Germany) at CPSIL. The precision of δ18O value determinations for organic substances on this IRMS was ±0.14‰.



All δ18O 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, V-SMOW) on a per mil (‰) basis:


δ = (Rsample/Rstandard − 1) × 1000



(1)




where δ is the isotope ratio and R is the molar ratio of heavy to light isotopes.





2.4. Climate Data


Climate parameters investigated in this study included VPD, Palmer Drought Severity Index (PDSI), and precipitation. We calculated monthly and seasonal averages for the monsoon period. We also calculated the average daily maximum VPD for each month using hourly relative humidity and air temperature data from the Flagstaff Pulliam Airport weather station 16 km southeast of our study site (National Climate Data Center). Using data from the Fort Valley weather station approximately 4 km east of our study site (United States Historical Climatology Network), we obtained monthly average PDSI (PDSI hereafter, provided by station) and calculated total precipitation (precipitation hereafter).




2.5. Data Analysis


We used five different analyses to address our research question regarding the relationship of monsoon precipitation to latewood growth. The first three analyses use latewood ring widths to investigate the influences of monsoon VPD, PDSI, and precipitation on latewood growth. The fourth and fifth analyses use isotopic measurements to identify the source water (winter vs. monsoon) used for latewood production.



For the first analysis, we calculated Pearson correlation coefficients (r) for the relationships between standardized latewood ring width and VPD, PDSI, and precipitation for each tree using R (R Foundation for Statistical Computing, Vienna, Austria). For each climate parameter, we investigated both monthly values and a monsoon season average value. Using time (July, August, September, monsoon) and climate parameters (VPD, PDSI, precipitation) as model effects, we performed two-way analyses of variance (ANOVA) on r values (dependent variable) with Tukey’s Honestly Significant Difference (HSD) orthogonal contrast post hoc tests [50]. Levine and Bartlett tests were used to test the assumption of homogeneous variance. Significance was determined at the 95% confidence level (α = 0.05). All ANOVAs were performed using JMP (SAS Institute, Cary, NC, USA).



For the second analysis, we used Akaike’s Information Criterion (AIC) to identify the best model using monsoon climate parameters (VPD, PDSI, and/or precipitation) to explain latewood ring width variation. This analysis used latewood ring widths from the standardized treetop chronology. We calculated AIC values for various models in R using VPD, PDSI, precipitation, and all possible interactions to explain variation in latewood ring width. We then used these AIC values to determine which combination of climate parameters yielded the best model for latewood ring width [58]. We also calculated simple difference values (∆i) for each model. Where ∆i values were greater than 10, models were considered to be poor with no statistical support; models with ∆i values differing by less than 2 were considered approximately equal [58].



For the third analysis, we used reverse order stepwise multivariate linear regression to identify the best model using climate parameters (VPD, PDSI, and/or precipitation) to explain latewood ring width variation. For this analysis, our dependent variable was standardized annual latewood ring width from the treetop chronology. Our independent variables included monthly and seasonal values of monsoon VPD, PDSI, and precipitation.



For the fourth analysis, we investigated the δ18O composition of precipitation, soil, and stem water in 2009 and 2010. We used the 2009–2010 precipitation samples to calculate a seasonal (winter, spring, monsoon) average precipitation value. We then used a one-way ANOVA (see above) to determine the effects of time (July, August, September) on precipitation, soil, and stem water δ18O. We also ran one-way ANOVAs to determine if precipitation, soil, and stem water δ18O differed significantly within a sampling month.



For the fifth analysis, we investigated the δ18O composition of latewood and earlywood cellulose in 2009 and 2010. A two-way ANOVA (see above) tested for differences in cellulose δ18O between years and between earlywood and latewood.





3. Results


3.1. Climatic Analyses


To investigate the influence of monsoon season precipitation on atmospheric moisture stress, we analyzed the relationship between the sum of July through September precipitation and the average daily maximum VPD during the monsoon season for years 1948 through 2008. During this period, monsoon season average total precipitation was 200 ± 10 mm and maximum daily VPD was 2.28 ± 0.03 kPa. The season-averaged maximum daily VPD was significantly negatively correlated with seasonal precipitation: VPD (kPa) = 2.63 − 0.00174 × Precip (mm) (Figure 1, adjusted R2 = 0.254, p < 0.0001).


Figure 1. Linear regression relationship between total precipitation (mm) and average daily maximum vapor pressure deficit (kPa) in the monsoon season (July through September) for years 1948 through 2008.
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3.2. Statistical Analyses


Three sets of statistical measurements (correlation coefficients, AIC values, and multivariate regression) all identified August climate variables as the most important in determining latewood ring width.



3.2.1. Correlation Analysis


Among individual monsoon season months, August values of the three climate parameters (VPD, PDSI, precipitation) were most strongly correlated with latewood ring width (Figure 2, Table 1). For all months and the monsoon season as a whole, PDSI explained more of the variation in latewood ring width than VPD and precipitation (Figure 2). For all months and the monsoon season as a whole, the strength of correlation between latewood ring width and precipitation was similar to the strength of correlation between latewood ring width and VPD (Figure 2).


Figure 2. Average ± standard error Pearson correlation coefficients (r) between July (dark grey), August (medium gray), September (light gray), and the monsoon season (white, July through September) climate parameters and ponderosa pine latewood ring width index (n = 27). Within a climate parameter, time periods not sharing the same lower case letter are significantly different (α = 0.05). Within a time period, climate parameters not sharing the same capital letter are significantly different. VPD, vapor pressure deficit; PDSI, Palmer Drought Severity Index.
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Table 1. Average ± standard error Pearson correlation coefficients (r) between ponderosa pine latewood ring width index (n = 27) and July, August, September, and the monsoon season (July through September) climate parameters.







	
Time

	
VPD

	
PDSI

	
Precipitation

	
F

	
p






	
July

	
−0.10 ± 0.03 aA

	
0.30 ± 0.03 aB

	
0.16 ± 0.03 aA

	
47.12

	
<0.0001




	
August

	
−0.27 ± 0.02 bA

	
0.37 ± 0.03 aB

	
0.29 ± 0.03 bB

	
149.59

	
<0.0001




	
September

	
0.01 ± 0.02 cA

	
0.26 ± 0.04 aB

	
0.16 ± 0.03 aA

	
26.00

	
<0.0001




	
Monsoon

	
−0.17 ± 0.03 abA

	
0.34 ± 0.04 aB

	
0.16 ± 0.03 cC

	
67.98

	
<0.0001




	
F

	
17.61

	
1.99

	
28.10

	
-

	
-




	
p

	
<0.0001

	
0.12

	
<0.0001

	
-

	
-








Within a climate parameter, the value of r for time periods not sharing the same lower case letter are significantly different. Within a time period, the values of r for climate parameters not sharing the same capital letter are significantly different. A two-way ANOVA shows that climate parameter is a significant effect on latewood ring width (F = 228.89, p < 0.0001), time is not a significant effect (F = 2.45, p = 0.06), and there is an interaction between climate parameter and time (F = 18.73, p < 0.0001).









3.2.2. Akaike’s Information Criterion


The lowest (best) AIC value, −15.67, was for a model using August VPD, PDSI, and precipitation to explain latewood ring width variability (Table 2). However, a model using only August VPD and PDSI had a similar AIC value of −15.36. That these models differ by less than 2 indicates that they are approximately equal in power. Thus, the addition of precipitation into the model does not significantly improve the model’s predictive capability [58]. August climate parameters generally yielded the lowest AIC values, indicating the strongest models. Precipitation alone as an explanatory variable was ranked last or second to last in all time periods evaluated (July, August, September, monsoon season).



Table 2. Akaike’s Information Criterion (AIC), simple difference values (∆i), and R2 values for monsoon climate parameters in July, August, September, and the monsoon season (July through September) modeling ponderosa pine standardized chronology latewood ring width.







	
Season

	
Model Parameters

	
AIC

	
∆i

	
R2






	
July

	
PDSI

	
1.83

	
0.00

	
0.17




	
VPD + PDSI

	
3.28

	
1.44

	
0.18




	
PDSI + Precipitation

	
3.78

	
1.95

	
0.17




	
VPD + PDSI + Precipitation

	
5.23

	
3.39

	
0.18




	
VPD

	
12.14

	
10.30

	
0.02




	
Precipitation

	
13.12

	
11.28

	
0.00




	
VPD + Precipitation

	
13.70

	
11.87

	
0.02




	
August

	
VPD + PDSI + Precipitation

	
−15.67

	
0.00

	
0.42




	
VPD + PDSI

	
−15.36

	
0.31

	
0.39




	
PDSI + Precipitation

	
−12.68

	
2.99

	
0.37




	
PDSI

	
−5.77

	
9.90

	
0.27




	
VPD + Precipitation

	
0.13

	
15.80

	
0.22




	
Precipitation

	
1.29

	
16.96

	
0.17




	
VPD

	
2.72

	
18.40

	
0.16




	
September

	
PDSI

	
4.84

	
0.00

	
0.13




	
VPD + PDSI

	
6.29

	
1.45

	
0.14




	
PDSI + Precipitation

	
6.80

	
1.96

	
0.13




	
VPD + PDSI + Precipitation

	
7.75

	
2.91

	
0.14




	
VPD

	
11.93

	
7.09

	
0.02




	
Precipitation

	
12.56

	
7.72

	
0.01




	
VPD + Precipitation

	
13.90

	
9.07

	
0.02




	
Monsoon

	
VPD + PDSI

	
−5.94

	
0.00

	
0.29




	
VPD + PDSI + Precipitation

	
−5.47

	
0.47

	
0.31




	
PDSI + Precipitation

	
−4.72

	
1.22

	
0.28




	
PDSI

	
−1.21

	
4.73

	
0.21




	
VPD

	
7.26

	
13.20

	
0.09




	
VPD + Precipitation

	
7.49

	
13.43

	
0.12




	
Precipitation

	
7.59

	
13.53

	
0.09








Lower AIC values indicate a stronger model, ∆i values greater than 10 are considered poor with no statistical support, and models with ∆i values differing by less than 2 are considered approximately equal [58]. Within a time period, models are listed from lowest to highest AIC value. The best models for each time period are listed in bold.









3.2.3. Multivariate Regression


Precipitation in July, August, September, and over the entire monsoon season had no significant effect on latewood ring width (Table 3). For July and September, only PDSI had a significant effect on latewood ring width, while for August and averaged over the monsoon season, both PDSI and VPD were significant effects (Table 3). The model with the highest R2 value used August PDSI and VPD as explanatory variables and explained 39% of the variation in latewood ring width (Figure 3).


Figure 3. The best linear model uses August Palmer Drought Severity Index (PDSI) and vapor pressure deficit (VPD) to explain ponderosa pine latewood ring width variation (F = 18.89, p < 0.0001, R2 = 0.39) from 1948 to 2008. The solid line represents actual standardized latewood ring width measurements and the dashed line represents modeled standardized latewood ring widths.
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Table 3. Multivariate linear models using monsoon climate parameters in July, August, September, and the monsoon season (July through September) to explain ponderosa pine latewood ring width variation before and after stepwise regression removed insignificant effects.







	
Model

	
Time

	
Model Statistics

	
Parameters

	
t Ratio

	
p






	
Multivariate Regression Model Using VPD, PDSI, and Precipitation

	
July

	
F = 4.09

	
VPD

	
−0.76

	
0.45




	
p = 0.01

	
PDSI

	
3.26

	
0.002




	
R2 = 0.18

	
Precipitation

	
−0.22

	
0.82




	
August

	
F = 13.55

	
VPD

	
−2.23

	
0.01




	
p < 0.0001

	
PDSI

	
4.40

	
<0.0001




	
R2 = 0.42

	
Precipitation

	
1.46

	
0.15




	
September

	
F = 3.17

	
VPD

	
−1.02

	
0.31




	
p = 0.03

	
PDSI

	
2.86

	
0.01




	
R2 = 0.14

	
Precipitation

	
−0.73

	
0.47




	
Monsoon

	
F = 8.52

	
VPD

	
−1.64

	
0.11




	
p < 0.0001

	
PDSI

	
3.98

	
0.0002




	
R2 = 0.31

	
Precipitation

	
1.19

	
0.24




	
Model after Reverse Order Stepwise Regression

	
July

	
F = 11.91

	
PDSI

	
3.45

	
0.001




	
p = 0.001

	
-

	
-

	
-




	
R2 = 0.17

	
-

	
-

	
-




	
AIC = 1.83

	
-

	
-

	
-




	
∆i = 17.19

	
-

	
-

	
-




	
August

	
F = 18.89

	
VPD

	
−3.50

	
0.001




	
p < 0.0001

	
PDSI

	
4.76

	
<0.0001




	
R2 = 0.39

	
-

	
-

	
-




	
AIC = −15.36

	
-

	
-

	
-




	
∆i = 0.00

	
-

	
-

	
-




	
September

	
F = 8.58

	
PDSI

	
2.93

	
0.005




	
p = 0.005

	
-

	
-

	
-




	
R2 = 0.13

	
-

	
-

	
-




	
AIC = 4.84

	
-

	
-

	
-




	
∆i = 20.20

	
-

	
-

	
-




	
Monsoon

	
F = 11.99

	
VPD

	
−2.62

	
0.01




	
p < 0.0001

	
PDSI

	
4.05

	
0.0002




	
R2 = 0.29

	
-

	
-

	
-




	
AIC = −5.94

	
-

	
-

	
-




	
∆i = 9.42

	
-

	
-

	
-








F, p, and R2 statistics are given for each model, as well as the t Ratio and p value for each effect within a model (α = 0.05). In the model after reverse order stepwise regression, Akaike’s Information Criterion (AIC) and simple difference (∆i) values for each model are given. Lower AIC values indicate a stronger model and ∆i values greater than 10 are considered poorer with no statistical support [58].










3.3. Water and Cellulose δ18O Analyses


Winter precipitation was significantly more depleted in 18O than spring and monsoon precipitation (Table 4). Stem water δ18O closely tracked soil water δ18O at 40 cm depth, reflecting use of winter and spring precipitation (Figure 4). Stem water collected during the 2009 and 2010 monsoon seasons did not differ significantly from the 2009 and 2010 winter stem water δ18O (Figure 4, Table 4). In 2010, soil (40 cm) and stem water δ18O significantly increased between spring and monsoon seasons. While this enrichment could possibly reflect tree use of monsoon precipitation, monsoon-season stem water δ18O did not significantly differ from winter stem water δ18O, strongly suggesting continued use of winter/spring precipitation during the monsoon season. Earlywood alpha cellulose δ18O did not differ from latewood alpha cellulose δ18O in 2009 and 2010 (F = 0.77, p = 0.52, Figure 5). Likewise, there was no year effect (t = 1.48, p = 0.15) or interaction between year and sub-annual sample (interaction t = 0.12, p = 0.91).


Figure 4. Water δ18O (‰) averages ± standard errors from precipitation, 40 cm soil (solid line), and ponderosa pine stems (dashed line) in 2009 and 2010 winter (previous October through current March), spring (April through June), and monsoon (July through September) seasons. Seasonal precipitation values are based on a pooled data set of 2009 and 2010 precipitation samples. Monsoon, spring, and winter precipitation averages ± standard errors are represented by the black, dark gray, and light gray bars, respectively. Within soil water and stem water lines, seasons not sharing the same lower case letter are significantly different (α = 0.05). * Denotes a significant difference between soil and stem water in a given season.
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Figure 5. Alpha cellulose δ18O (‰) averages ± standard errors for ponderosa pine earlywood and latewood in 2009 and 2010. There was no significant difference among wood types or years.
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Table 4. Water δ18O (‰) averages ± standard errors from precipitation, 40 cm soil, and stems in 2009 and 2010 winter (previous October through current March), spring (April through June), and monsoon (July through September) seasons.







	
Season

	
Precipitation

	
40 cm Soil Water

	
Stem Water

	
F

	
p






	
Winter (2009)

	
−13.29 ± 1.03 aA

	
−12.70 ± 0.22 aAB

	
−10.17 ± 0.27 aB

	
4.69

	
0.02




	
Spring (2010)

	
−6.86 ± 1.23 bA

	
−12.32 ± 0.53 aB

	
−10.46 ± 0.25 abB

	
11.59

	
0.0002




	
Monsoon (2010)

	
−4.90 ± 0.94 bA

	
−10.75 ± 1.17 abB

	
−9.91 ± 0.42 aB

	
12.33

	
<0.0001




	
Winter (2010)

	
−13.29 ± 1.03 aA

	
−12.37 ± 0.23 aA

	
−11.85 ± 0.60 bcA

	
0.54

	
0.59




	
Spring (2010)

	
−6.86 ± 1.23 bA

	
−11.78 ± 0.30 aB

	
−13.36 ± 0.29 cB

	
18.84

	
<0.0001




	
Monsoon (2010)

	
−4.90 ± 0.94 bA

	
−9.17 ± 0.47 bB

	
−11.07 ± 0.30 abB

	
17.08

	
<0.0001




	
F

	
15.99

	
5.18

	
11.89

	
-

	
-




	
p

	
<0.0001

	
0.001

	
<0.0001

	
-

	
-








Seasonal precipitation values are based on a pooled data set of 2009 and 2010 precipitation samples. Within precipitation, soil, and stem water columns, seasons not sharing the same lower case letter are significantly different. Within a season, samples not sharing the same capital letter are significantly different. F and p statistics are given (α = 0.05). A two-way ANOVA shows that season (F = 7.63, p < 0.0001) is a significant effect on water δ18O, sample (40 cm soil or stem) is not a significant effect (F = 1.75, p = 0.19), and there is an interaction between season and sample (F = 6.61, p < 0.0001).










4. Discussion


Our study strongly suggests that mature ponderosa pines in northern Arizona do not use monsoon precipitation to produce latewood. This conclusion is based on five findings: (1) the strength of correlation between latewood ring width and monsoon precipitation is approximately equal to the strength of correlation between latewood ring width and monsoon VPD; (2) AIC identification of monsoon PDSI, not precipitation, as the best model predictor for latewood ring width; (3) multivariate regression identification of PDSI and VPD, but not precipitation, as the best parameters to explain latewood ring width; (4) little to no monsoon precipitation δ18O signal in stem water during the monsoon seasons of 2009 and 2010; and (5) no difference in δ18O values between earlywood and latewood, suggesting a single seasonal water source.



Previous dendrochronological studies show a correlation between latewood ring width and monsoon precipitation [36,37,39,40], yet this correlation does not demonstrate that trees directly use monsoon precipitation for latewood growth. Using δ18O and δ2H values in stem water sampled during the monsoon season, the present study (Figure 4) and other recent work [24] find no evidence that mature ponderosa pines directly use monsoon precipitation. Our relatively high correlation between PDSI and latewood ring width (Figure 2), multivariate model using PDSI and VPD to explain 39% of latewood ring width variation (Figure 3), lack of monsoon δ18O signal in stem water (Figure 4), and lack of significant δ18O enrichment in latewood cellulose compared to earlywood (Figure 5) indicate factors other than monsoon precipitation influence growth during the monsoon season. Because PDSI characterizes long-term drought and at the monthly scale is influenced by the water balance of previous months, monsoon VPD is a more direct way to quantify the immediate short-term effects of monsoon climate on latewood growth. While we found no evidence that study trees used monsoon water, we found evidence that latewood growth increased in response to lower VPD during this season. This likely reflects lower VPD supporting higher stomatal conductance and photosynthesis, thereby allowing more latewood growth in years with a wetter monsoon. Our results agree with the recent finding that high August VPD is associated with low net ecosystem exchange in ponderosa pine forests in northern Arizona [43]. The correlation between monsoon VPD and monsoon precipitation may therefore at least partially explain the correlation between latewood ring width and monsoon precipitation observed in other studies. Our analysis of the long-term relationship between summer precipitation and summer VPD shows that VPD is lower when precipitation is higher. Greater latewood growth in years with higher monsoon season precipitation and lower VPD likely occur due to greater stomatal conductance and net photosynthetic rate in response to low VPD, which has been reported for ponderosa pine and many other species [59,60]. Additionally, increased photosynthesis in response to greater diffuse light associated with cloudiness is possibly a second indirect benefit of higher monsoon season precipitation. Moreover, August PDSI, based on pre-monsoon months’ precipitation and climate, alone explained 27% of latewood ring width variation (Table 2). This finding further implicates precipitation inputs prior to the monsoon season (i.e., winter precipitation) as the water source used for latewood production.



Previous isotopic studies have found evidence of monsoon water use for latewood growth. Roden et al. [33] found that latewood from Arizona ponderosa pine had a higher δ18O than trees from California and Oregon. While this finding is possibly attributable to Arizona pines using monsoon rain for latewood growth, it might also indicate greater evaporative enrichment of soil and leaf waters during AZ summers compared to summers in CA and OR. Similarly, ponderosa pine latewood cellulose δ18O significantly correlates with summer precipitation and summer VPD in southern AZ and NM, indicating the importance of both monsoon rains and the associated reduction in VPD for latewood production in locations where monsoon rain can make up greater than 50% of annual water inputs [61]. Using δ13C, Leavitt et al. [41,42] have similarly shown a correlation between latewood cellulose and monsoon precipitation. However, as δ13C in plants in arid regions is largely a measure of stomatal limitation of photosynthesis, that relationship could also derive indirectly because of the influence of monsoon precipitation on VPD and consequently stomatal conductance, and need not indicate actual use of monsoon precipitation for growth. While we attribute similar alpha cellulose δ18O of earlywood and latewood in our study to the use of a common water source, winter precipitation, we acknowledge that this finding is based on only two years’ of data (2009–2010) and when evaluated over a longer time period significant differences may be found [61].



Our major finding is that although southwestern ponderosa pine latewood growth correlates positively with monsoon precipitation, this correlation is likely due to the effects of VPD, a climate parameter influenced by precipitation via correlation with temperature and humidity, on growth rather than the direct use of monsoon water. In the southwestern USA, monsoon rains generally wet only the upper soil (<15 cm), and mature ponderosa pines draw water from the 40 cm depth or deeper [24]. Our research in northern Arizona strongly indicates an almost exclusive use of winter precipitation from deep soil for earlywood and latewood growth of mature ponderosa pine. Monsoon season precipitation is, however, used by shallow-rooted plants, such as seedling ponderosa pines (N. Umstattd, unpublished data) and annual and perennial grasses and forbs at our sites [62]. Our research highlights the importance of monsoonal VPD as a strong determinant of summer growth. That leaf conductance and photosynthesis decline sharply with increasing VPD in ponderosa pine in northern Arizona [59] provides a physiological basis for our dendrochronological results. Consistent with broader regional assessments of climate variables, our results indicate that winter precipitation and summer VPD are the key factors affecting forest drought stress and tree mortality in the Southwest [5]. The correlation between monsoon precipitation and latewood ring width and isotopes has led to the misunderstanding that large ponderosa pines directly use monsoon water. Our results strongly suggest that this correlation between monsoon precipitation and latewood is merely an artifact of the correlation between monsoon precipitation and VPD. We note that our results apply only to large mature trees and speculate that young ponderosa pine seedlings directly rely on and use monsoon precipitation for establishment and summer growth and encourage further investigation of this topic.




5. Conclusions


We conclude that large ponderosa pines in northern Arizona exclusively use winter precipitation extracted from deep soil for latewood growth. This finding is robust, as it is based on a multi-method approach using correlation, linear modeling, stem water isotopes, and alpha cellulose isotopes. Although not detected in this study, it is possible that in years with extremely limited winter precipitation, monsoon rains would be more important for summer growth. Nonetheless, we speculate that the previously reported relationships between latewood growth and monsoon precipitation [33,36,37,41,42] are due to the dependent relationship between precipitation and VPD. Winter precipitation and summer VPD appear to be the dominant factors affecting earlywood and latewood growth, respectively [5,24]. This seemingly exclusive reliance on winter precipitation extracted from deep soil suggests negative impacts on tree water relations in the Southwest if winter drought severity increases or if precipitation shifts from winter to summer [63]. Furthermore, this heavy reliance on winter precipitation supports the use of restoration thinning treatments producing low stand densities to increase tree access to the most important water source: deep soil water recharged by winter precipitation [24]. It is important to identify the seasonal water source for tree growth during summer months and manage forests to maximize this water source to increase tree resistance to the projected hotter and drier climate in the Southwest [6,7,8,9,10]. As the influence of climate change on precipitation seasonality and forest productivity is not an issue unique to ponderosa pine forests or the Southwest, our findings may inform understanding and management of other semi-arid forest ecosystems.
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