
Heritability of plastic trait changes in drought-exposed ponderosa pine seedlings 

Dean Wu1
Mengjun Shu1
Emily V. Moran1

1School of Natural Sciences, University of California Merced, Merced, California, USA

Corresponding author:
Dean Wu1
UC Merced, 5200 N Lake Rd, Merced, CA 95343, USA
†Email address: dwu38@ucmerced.edu

(Data to be archived at https://datadryad.org pending acceptance, and is available upon request)


[bookmark: __DdeLink__3479_2933244760]Heritability of plastic trait changes in drought-exposed ponderosa pine seedlings 
Dean Wu, Mengjun Shu, Emily V. Moran
Abstract
[bookmark: __DdeLink__2733_358076124]	Climate change is imposing new selective pressures on forest tree populations. Evolutionary responses may be important for trees, despite long generation times, since many populations harbor significant genetic variation in environmentally relevant traits. However, the heritability of climate responses (e.g. how much growth differs under drought) has been investigated in only one tree species previously. Here, we quantify heritable variation in environmental response traits of Pinus ponderosa using a greenhouse trial. Five seedlings from each maternal family were exposed to either wet or dry treatments for four months. Traits measured include height and root length, root:shoot mass ratios, and stomatal density and number of rows. Narrow-sense heritability for all traits was estimated using a half-sib analysis. Many traits varied by treatment, and some also differed along gradients of “home” climate.  Dry treatment root-to-shoot dry mass ratio was associated with survival in that treatment. Estimated heritability for drought responsiveness ranged from 0.15 to 0.65, with the highest values occurring in height growth responses. Variation was particularly high for shoot growth under drought conditions. Our results suggest that increasingly arid conditions could result in strong responses to selection.
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[bookmark: __UnoMark__9575_1313660031][bookmark: __UnoMark__9549_1313660031][bookmark: __DdeLink__3740_2655112968][bookmark: __UnoMark__4596_2939918683][bookmark: __UnoMark__3800_1923365305][bookmark: __UnoMark__4019_1923365305][bookmark: __UnoMark__4010_1307588699][bookmark: __UnoMark__8268_441490669][bookmark: ZOTERO_BREF_CHMfyEqwG5HF][bookmark: __UnoMark__9605_2650164632][bookmark: __UnoMark__10664_2650164632][bookmark: __UnoMark__6651_3968185039][bookmark: __UnoMark__9606_2650164632][bookmark: __UnoMark__10665_2650164632][bookmark: ZOTERO_BREF_4QMJQtOocfrJ][bookmark: __UnoMark__4597_2939918683][bookmark: __UnoMark__4053_1923365305]	The objectives of our study were: 1) identify drought-responsive morphological traits of ponderosa pine seedlings, 2) test whether ponderosa pine seedlings from different seed sources show different trait values or responses of those trait values to drought, 3) identify trait values or plastic trait changes associated with higher survival under drought, and 4) quantify heritable variation in the drought responsiveness (plasticity) of these traits. We hypothesized that under drought conditions seedlings will tend to invest more in roots and less in shoots to increase water uptake relative to loss. We also hypothesized that they would reduce the number of stomata. Lower stomatal density has been demonstrated to reduce transpiration and increase drought tolerance in Arabidopsis (Doheny-Adams et al. 2012). In conifers, stomatal density has also often been observed to decrease as an environmental response to drought, as well as to higher temperatures or higher CO2 levels (Luomala et al. 2005, Lammertsma et al. 2011). Finally, we hypothesized that families from hotter, drier regions will invest more in roots and less in shoots and have fewer stomata even in the wet treatment.

Methods:
Greenhouse experiment
	In the 1970’s, the Forest Service's Pacific Southwest Regional Genetic Resources Program planted clones of 302 wild ponderosa pine from the central portion of the Sierra Nevada mountains in an orchard located in Chico, California. We selected 50 seed sources among these clones representing diverse climate conditions (Fig. 1). For each parent tree, 2-3 cones were collected during summer 2018 and stored in paper bags until they dried and opened. Seeds from each individual were stored in a refrigerator at around 1.7°C. During winter 2018, the seeds were stratified to break dormancy by placing them in aerated water for 48 hours, then surface-drying them and placing them in plastic bags in the refrigerator for 6 weeks. Forty-eight of the 50 families had enough seeds in their cones to be included in the experiment. We aimed to have 10 seedlings from each maternal family in both wet and dry treatments, 1000 seedlings in total.
[bookmark: move814676821][bookmark: __UnoMark__2711_3596016075][bookmark: __UnoMark__7863_2605034588][bookmark: __UnoMark__5651_3968185039][bookmark: __UnoMark__2646_617957238][bookmark: __UnoMark__3589_3563625099][bookmark: __UnoMark__11302_2083084437][bookmark: ZOTERO_BREF_DZkoxM5IuMV3][bookmark: __UnoMark__9607_2650164632][bookmark: __UnoMark__3360_1590663317][bookmark: __UnoMark__3418_1140451748][bookmark: __UnoMark__4012_1307588699][bookmark: __UnoMark__11192_2605034588][bookmark: __UnoMark__3832_1923365305][bookmark: __UnoMark__11370_3830163201][bookmark: __UnoMark__8304_441490669][bookmark: __UnoMark__9866_638739579][bookmark: __UnoMark__10666_2650164632][bookmark: __UnoMark__4598_2939918683][bookmark: __UnoMark__3202_1991020988][bookmark: __UnoMark__3173_1991020988][bookmark: __UnoMark__3199_1991020988][bookmark: __DdeLink__3492_3404252388]	The study was conducted in greenhouse facilities at the University of California, Merced. To accommodate the long tap roots of ponderosa pine seedlings, which we observed in a pilot study to grow >1 m in a single season, seeds were planted in plastic tubes 8 cm wide and 120 cm deep. The bottom of each tube was capped with screen-door mesh to retain soil while allowing drainage, and the lightweight clear tubes were wrapped in black plastic to keep roots in the dark. To mimic the coarse texture of the soil of most Sierra Nevada conifer forests (Bales et al. 2011) the planting soil was a mixture of 70% sand, 20% vermiculite, and 10% organic-rich potting mix. We used PVC pipes to build 10 frames that could each hold 100 tubes (Fig. 2, right). Two seeds from each maternal family were planted in each tube in February 2019. Two tubes from each family were randomly placed within each frame. In April 2019, we replanted more stratified seeds of the correct maternal family in any tubes without seedlings. All the tubes were watered every other day during the germination and seedling establishment period (February to June). 
At the end of June 2019, all but one seedling per tube was removed, and alternating frames were assigned to the wet versus dry treatment (Fig. 2, left). Thus, up to 500 seedlings (up to 10 per maternal family) were exposed to each treatment. The wet treatment group was watered twice every week and the drought treatment group was watered once every three weeks until mid-October, a period of 3.5 months. While wild ponderosa pine seedlings in California would receive little to no precipitation during the summer months due to the Mediterranean climate, this occasional watering was necessary in the greenhouse environment to prevent excess mortality. Temperatures inside the greenhouse in the low-elevation environment of Merced reached as high as 37°C on the hottest days, even with an evaporative cooler. Moreover, the soil volume of the tubes was limited, with no access to groundwater. Both of these factors would make evaporation and drought stress more intense than the no-precipitation condition in the wild.  

Phenotypic trait measurement
	Nine traits were recorded in the greenhouse experiment: height growth (GR; cm), root length (RL; cm), dry shoot weight (SW; g), dry root weight (RW; g), the ratio of root to shoot dry mass (R2S), specific root length (SRL; cm/g), stomata density of adaxial side (SDAD; /mm2), number of stomatal rows on abaxial side (NRAB), and the number of stomatal rows on abaxial side (NRAD). Forty-two maternal families had enough germination to carry out these measurements across both treatments. 
	We calculated shoot growth as final height minus height at treatment initiation. The length of fresh roots was measured from soil surface to taproot tip immediately after harvesting, to avoid shrinkage. Following harvest, needles, stem and roots of all the seedlings were put into separate kraft paper bags and dried at 75° C for 48 hours. We measured dry mass of roots (RW) and of stems and needles (shoot weight; SW). We then calculated root-shoot ratio (R2S) as RW/SW. Specific root length (SRL) was calculated as root length/root weight.
	Before harvest, we also collected 3-4 fresh needles from living seedlings to calculate stomatal density. In pines, stomata are arranged into longitudinal rows (Fig. 3). We photographed needles at 100x magnification using a Leica DME compound microscope equipped with a Leica DFC290 digital camera. All counts were conducted near the middle of the needle to avoid variation that might occur at the base and at the tip. 1.96 mm lengths of needle were surveyed for number of stomata and stomatal rows on their adaxial (AD, upper) and abaxial (AB, lower) surfaces. Needle width was measured in magnified images using the line measure tool in the Leica software. Then we calculated the stomatal density on each side as the number of stomata divided by 1.96*needle width.
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Source climate data 
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Heritability calculations 
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	As the coefficient of relationship is ¼ in half-siblings, the estimated narrow-sense heritability (h2) was calculated as

[bookmark: __UnoMark__2717_3596016075][bookmark: __UnoMark__11376_3830163201][bookmark: __UnoMark__10672_2650164632][bookmark: __UnoMark__3595_3563625099][bookmark: __UnoMark__4018_1307588699][bookmark: __UnoMark__9613_2650164632][bookmark: __UnoMark__2652_617957238][bookmark: __UnoMark__11198_2605034588][bookmark: __UnoMark__3366_1590663317][bookmark: __UnoMark__8310_441490669][bookmark: __UnoMark__11308_2083084437][bookmark: __UnoMark__3838_1923365305][bookmark: ZOTERO_BREF_mCbdgMjen4Az][bookmark: __UnoMark__4604_2939918683][bookmark: __UnoMark__7869_2605034588][bookmark: __UnoMark__3424_1140451748][bookmark: __UnoMark__9872_638739579][bookmark: __UnoMark__5657_3968185039][bookmark: __UnoMark__10673_2650164632][bookmark: __UnoMark__3596_3563625099][bookmark: __UnoMark__9614_2650164632][bookmark: __UnoMark__15392_822016017][bookmark: __UnoMark__7120_4034365034][bookmark: ZOTERO_BREF_T5Ko2YBOU2rn][bookmark: __UnoMark__3425_1140451748][bookmark: __UnoMark__11377_3830163201][bookmark: __UnoMark__11309_2083084437][bookmark: __UnoMark__9401_3830163201][bookmark: __UnoMark__9873_638739579][bookmark: __UnoMark__3367_1590663317][bookmark: __UnoMark__4019_1307588699][bookmark: __UnoMark__3605_3059728681][bookmark: __UnoMark__3181_829661837][bookmark: __UnoMark__11199_2605034588][bookmark: __UnoMark__8311_441490669][bookmark: __UnoMark__5658_3968185039][bookmark: __UnoMark__2653_617957238][bookmark: __UnoMark__2718_3596016075][bookmark: __UnoMark__7870_2605034588][bookmark: __UnoMark__3839_1923365305][bookmark: __UnoMark__4605_2939918683]where σ2F is the between-family variance in assessed traits and σ2S is the within-family variance (Scotti et al. 2010). The within- and between-family variances was estimated using a half-sib analysis adapted from Kolstad (2005), where

and

with nf being the number of maternal families, nt the total number of individuals, σ2PopFamMeans the variance of the family means, and SSDiffF the sum of the squared differences for each maternal family F containing ni individuals as calculated below (where σ2SampleF is the sample variance of each family F):

	To calculate heritability of plastic drought responses as opposed to that of raw traits, the mean value of a raw trait under wet treatment for each maternal family was subtracted from the value of that trait for each individual in that maternal family under drought treatment to give the trait change relative to the family mean. A positive number means that the seedling in the drought treatment has a higher value of that trait than the average for its maternal family in the wet treatment. The individual-level trait changes under drought conditions were then used in place of the raw trait values to calculate the sample variances and sums of the squared differences for each family.
	Dead seedlings were excluded from heritability calculations. Families were excluded entirely if there were fewer than three individuals where data was collected for a particular trait. For example, 38 maternal families comprising 243 individuals were included in calculations for heritability of shoot growth in response to drought (Appendix S1: Table S2).

Response to selection under different strengths of selection
	The breeder’s equation was used to calculate response to selection R given the narrow-sense heritability h2 and the strength of selection S:

[bookmark: __DdeLink__3368_901085523]S is usually the difference in mean trait values between individuals that breed and those that don’t. For example, a difference of 2 cm in mean height between breeding and nonbreeding individuals, multiplied by a narrow-sense heritability of 0.3, would yield an expected change R of +0.6 cm in the mean height of the next generation. The actual strength of selection in the wild is not known in this case. Therefore, for any traits associated with higher survival in the drought treatment, we calculated the average trait value in this “generation” µ0 versus the expected trait value in the next generation (µ1 = µ0 + R) for values of S calculated with hypothetical differences in traits between surviving seedlings and the full initial population based on greenhouse observations.

Results
Trait plasticity
	As shown in Table 1 and Fig. 4, six out of the eight measured phenotypic traits were significantly different in the drought treatment versus the wet treatment. In the drought treatment, seedlings grew longer roots (RL), gained less shoot height (GR) and dry mass (SW), and had a higher root to shoot dry mass ratio (R2S). They also had higher stomatal density on the adaxial side of the needle (SDAD) and more stomatal rows on the abaxial side (NRAB). Root weight (RW) and number of adaxial stomatal rows (NRAD) did not differ significantly between treatments. 

Trait variation between families and effects of traits on growth and survival
[bookmark: __DdeLink__10575_259956509]	Overall survival declined from 89.4% (55.6 – 100% by maternal family) to 79% (33.3 – 100%) in the drought treatment. Families with high survival rates in the drought treatment also tended to have high survival rates under the wet treatment, and the same tendencies were seen in the lowest-ranking families, although under wet conditions more families exhibited 100% survival (Fig. 8). While some families exhibited high survival under both wet and dry conditions, and another large group of families showed higher survival in wet than in dry conditions, for a few families survival was higher in the dry treatment.
	Family-level shoot growth under drought was 0.36 – 1.24 cm versus 0.5 – 2.53 cm in the wet treatment, a 60.6% decrease on average. Most but not all families showed greater shoot height growth in the wet treatment, although the highest- or lowest-ranking families under the drought treatment were not necessarily the highest- or lowest-ranking under the wet treatment (Fig. 8). Height growth was uniformly fairly low in the dry treatment, but the biggest difference occurred for the families that grew most in the wet treatment, while minimal change was observed for those that were the slowest growing in the wet.
	In the wet treatment, average shoot weight was higher for families from areas with higher April 1st snowpack or higher maximum summer temperatures (p = 0.0458 and p = 0.0368, Fig. 5). Drought treatment root length was shorter for families from areas with higher snowpack or higher climatic water deficit (p = 0.0371 and p = 0.0229, Fig. 5). The number of abaxial stomatal rows in the drought treatment was also lower for families from areas with higher winter precipitation and higher for families from areas with higher minimum winter temperatures (p = 0.0425 and p = 0.0131), though the slope of these relationships was shallow and the scatter around the regression line high. Other family-trait relationships (e.g. number of stomatal rows in the wet treatment) were not statistically significant.
	The only drought responsive trait significantly associated with family-level survival in the drought treatment was dry treatment root-to-shoot dry mass ratio (p = 0.0254, Fig. 6), though this may have been driven by two families with particularly low R2S ratios among their surviving seedlings. When these two families were removed the association was less significant (p = 0.4928). In the wet treatment, families with more abaxial stomatal rows had higher survival (p = 0.00701, Fig. 7). Other trait values were not significantly related to survival in either greenhouse treatment. There was a weak positive association of stomatal density on the adaxial side of the needle (SDAD) and growth in the dry treatment, but a negative association between the number of stomatal rows on the abaxial side (NRAB) and dry-treatment growth.

Heritability
	Heritability of drought responsiveness was highest for shoot growth (0.6547) and lowest for root length. Change in root weight also had fairly low heritability, while intermediate heritabilities were estimated in drought responsiveness for abaxial and adaxial stomatal density and number of stomatal rows. For comparison, narrow-sense heritabilities were estimated for raw trait values in both wet and dry conditions (Table 2). Heritabilities ranged from 0.1102 for root length in the dry treatment to 0.2913 for abaxial stomatal density in the wet treatment. In almost all “raw” traits with the exception of root weight, heritability was higher under the wet treatment than the dry treatment.
	We examined the potential implications of selection for root:shoot ratio (R2S), the trait that was significantly associated with survival in the drought treatment (Fig. 6). The narrow-sense heritability (h2) of R2S in the drought treatment was 0.1603. The average first-year R2S across families in the greenhouse population (µ0) was 18.40, and maternal family averages ranged from 7.70 to 44.99, with most falling between 15 and 25. If the individuals that survived to reproduce in the field had, on average, a R2S ratio 3 units higher than µ0 (S = 3), then according to the breeder’s equation, µ1 (the next generation average for 1st year R2S) would be 0.48 higher than the current average, or 18.88 (an increase of 2.6%). If individuals that survived to reproduce had, on average, a first-year R2S ratio 10 units higher than the population mean µ0, then µ1 would be 20.00, an increase of 9%. Because we did not measure R2S for individual seedlings that died, it is not possible which is the case in the greenhouse seedlings, and responses to real drought in the field would likely be somewhat different as well. However, this calculation indicates that both R2S and traits with higher heritabilities could show substantial shifts within a single generation when under selection.

Discussion
[bookmark: __UnoMark__3597_3563625099][bookmark: __UnoMark__11378_3830163201][bookmark: __UnoMark__3368_1590663317][bookmark: __UnoMark__10674_2650164632][bookmark: __UnoMark__11310_2083084437][bookmark: __UnoMark__3840_1923365305][bookmark: __UnoMark__8312_441490669][bookmark: __UnoMark__3426_1140451748][bookmark: __UnoMark__2719_3596016075][bookmark: __UnoMark__7871_2605034588][bookmark: ZOTERO_BREF_wVpG4Vz714pG][bookmark: __UnoMark__9874_638739579][bookmark: __UnoMark__4606_2939918683][bookmark: __UnoMark__9615_2650164632][bookmark: __UnoMark__5659_3968185039][bookmark: __UnoMark__2654_617957238][bookmark: __UnoMark__4020_1307588699][bookmark: __UnoMark__11200_2605034588][bookmark: __UnoMark__1566_1313660031][bookmark: ZOTERO_BREF_SDcgZUVgAC8l][bookmark: __UnoMark__9616_2650164632][bookmark: __UnoMark__10675_2650164632][bookmark: __UnoMark__4607_2939918683]	The observed reduction in shoot growth relative to root growth during drought is consistent with greater allocation to water-gathering versus water-transpiring structures. Prior seedling drought studies have observed similar shifts in allocation to roots (Cregg and Zhang 2001, Taeger et al. 2015). The adaptiveness of this response is supported by the higher survival of families with high root to shoot ratio (R2S) in the dry treatment. It should be noted that the seedlings that died in the families with low survival may have had even lower root investment than those that survived to be measured. Greater relative investment in root biomass, which can potentially increase root area and water intake, has been linked to higher seedling drought survival among Quercus species in a summer-dry Mediterranean climate (Ramírez-Valiente et al. 2018). While those oaks had a maximum R2S of 3, our ponderosa pine seedlings produced between 5 and 25 times as much root as shoot by mass – a strategy that makes sense given the almost complete lack of rain during the summer months in their native habitat. The significant association between higher R2S and increased drought survival in ponderosa pine seedlings indicates that under drought conditions selection may be strong in favor of greater relative allocation to roots (Fig. 8).
[bookmark: move83025414][bookmark: __UnoMark__11380_3830163201][bookmark: __UnoMark__3428_1140451748][bookmark: __UnoMark__11312_2083084437][bookmark: __UnoMark__3370_1590663317][bookmark: ZOTERO_BREF_ZBi8kPdfcXKd][bookmark: __UnoMark__7873_2605034588][bookmark: __UnoMark__9829_638739579][bookmark: __UnoMark__3842_1923365305][bookmark: __UnoMark__5661_3968185039][bookmark: __UnoMark__9617_2650164632][bookmark: __UnoMark__3550_3563625099][bookmark: __UnoMark__2656_617957238][bookmark: __UnoMark__2721_3596016075][bookmark: __UnoMark__4608_2939918683][bookmark: __UnoMark__10676_2650164632][bookmark: __UnoMark__8314_441490669][bookmark: __UnoMark__4022_1307588699][bookmark: __UnoMark__11202_2605034588][bookmark: __UnoMark__3385_157714069][bookmark: __UnoMark__3382_157714069][bookmark: __UnoMark__3365_157714069][bookmark: __UnoMark__9618_2650164632][bookmark: __UnoMark__10677_2650164632][bookmark: ZOTERO_BREF_9Vwm4eKQPb0c][bookmark: __UnoMark__4609_2939918683][bookmark: __UnoMark__10678_2650164632][bookmark: __UnoMark__9619_2650164632][bookmark: ZOTERO_BREF_G3RS3Y7z98hU][bookmark: __UnoMark__4610_2939918683][bookmark: __UnoMark__2657_617957238][bookmark: __UnoMark__10679_2650164632][bookmark: ZOTERO_BREF_HhZG4qZYGQjn][bookmark: __UnoMark__9620_2650164632][bookmark: __UnoMark__2722_3596016075][bookmark: __UnoMark__5662_3968185039][bookmark: __UnoMark__8315_441490669][bookmark: __UnoMark__9833_638739579][bookmark: __UnoMark__4023_1307588699][bookmark: __UnoMark__11381_3830163201][bookmark: __UnoMark__3552_3563625099][bookmark: __UnoMark__7874_2605034588][bookmark: __UnoMark__11313_2083084437][bookmark: __UnoMark__11203_2605034588][bookmark: __UnoMark__3843_1923365305][bookmark: __UnoMark__3429_1140451748][bookmark: __UnoMark__3371_1590663317][bookmark: __UnoMark__4611_2939918683][bookmark: __UnoMark__9621_2650164632][bookmark: __UnoMark__7875_2605034588][bookmark: __UnoMark__10680_2650164632][bookmark: ZOTERO_BREF_jBVUsUzS3fNL1][bookmark: __UnoMark__3372_1590663317][bookmark: __UnoMark__3553_3563625099][bookmark: __UnoMark__9830_638739579][bookmark: __UnoMark__11382_3830163201][bookmark: __UnoMark__3844_1923365305][bookmark: __UnoMark__4024_1307588699][bookmark: __UnoMark__2658_617957238][bookmark: __UnoMark__4612_2939918683][bookmark: __UnoMark__3430_1140451748][bookmark: __UnoMark__5663_3968185039][bookmark: __UnoMark__2723_3596016075][bookmark: __UnoMark__8316_441490669][bookmark: __UnoMark__11314_2083084437][bookmark: __UnoMark__11204_2605034588][bookmark: __UnoMark__8317_441490669][bookmark: __UnoMark__3845_1923365305][bookmark: __UnoMark__10681_2650164632][bookmark: __UnoMark__9622_2650164632][bookmark: ZOTERO_BREF_SQBkFJwCIfjx][bookmark: __UnoMark__4025_1307588699][bookmark: __UnoMark__4613_2939918683][bookmark: move814698201][bookmark: __UnoMark__1161_404785377][bookmark: __UnoMark__4515_356110597][bookmark: __UnoMark__4529_356110597][bookmark: __UnoMark__1184_404785377][bookmark: __UnoMark__1158_404785377][bookmark: ZOTERO_BREF_kL4iddyA33Mt][bookmark: __UnoMark__5649_2939918683]	 Stomatal density presents a trade-off under drought conditions, as the reduction of water loss that accompanies reduced stomatal conductance also results in lower carbon fixation, which can reduce growth and survival (Prentice et al. 2014). Our study identified an unexpected increase in stomatal density and stomatal rows in the drought treatment seedlings, which was a response with moderate heritability. Initially we had anticipated that the drought treatment seedlings would exhibit reduced stomatal density, since a number of studies in crop plants (reviewed in Bertolino et al. 2019) and conifers (Cregg 1994, Cregg and Zhang 2001, Luomala et al. 2005, Lammertsma et al. 2011) indicated that lower stomatal density was associated with increased water use efficiency and drought tolerance. However, studies of different tree species have yielded contradictory results regarding stomatal traits and their response to drought stress. Some studies found similar patterns with evidence of increasing stomatal density and a reduction in stomatal size as a response to drought, interpreted as an adaptive response allowing for more sensitive stomatal regulation (Gindel 1969, Dunlap and Stettler 2001, Pearce et al. 2006). In particular, an association between increased stomatal row numbers and xeric environments has been noted in Pinus canariensis (López et al. 2008). A larger number of small stomata might enable finer and more rapid control of gas exchange and water loss (Hetherington and Woodward 2003, López et al. 2008). However, we did not record stomatal size and so could not test this hypothesis. Moreover, higher numbers of stomatal rows were associated with lower growth in the drought treatment and did not affect survival, so the plastic response may not be adaptive. The positive association of number of abaxial stomatal rows with survival in the wet treatment is more consistent with our hypotheses, as greater stomatal conductance allows for more photosynthesis in moist conditions where water loss is less of an issue (Wong et al. 1979, Farquhar and Sharkey 1982). In addition, the existence of a nonlinear relationship between stomatal density and water availability in perennial grass seedlings (Xu and Zhou 2008) suggests that the possibility of a similar relationship at some point in the ponderosa pine seedling stage should be considered.
[bookmark: __UnoMark__11385_3830163201][bookmark: ZOTERO_BREF_IaF9riT1RAeA][bookmark: __UnoMark__3064_1991020988][bookmark: __UnoMark__15399_822016017][bookmark: __UnoMark__3428_3386476216][bookmark: __UnoMark__9623_2650164632][bookmark: __UnoMark__3675_3655968866][bookmark: __UnoMark__2726_3596016075][bookmark: __UnoMark__4617_356110597][bookmark: __UnoMark__8318_441490669][bookmark: __UnoMark__11207_2605034588][bookmark: __UnoMark__4534_356110597][bookmark: __UnoMark__9409_3830163201][bookmark: __UnoMark__1371_1313660031][bookmark: __UnoMark__3307_3062926134][bookmark: __UnoMark__2661_617957238][bookmark: __UnoMark__4501_2453188725][bookmark: __UnoMark__5665_3968185039][bookmark: __UnoMark__3433_1140451748][bookmark: __UnoMark__9876_638739579][bookmark: __UnoMark__4026_1307588699][bookmark: __UnoMark__11317_2083084437][bookmark: __UnoMark__3188_829661837][bookmark: __UnoMark__10682_2650164632][bookmark: __UnoMark__3846_1923365305][bookmark: __UnoMark__6576_1854887635][bookmark: __UnoMark__3599_3563625099][bookmark: __UnoMark__3375_1590663317][bookmark: __UnoMark__4312_356110597][bookmark: __UnoMark__4533_356110597][bookmark: __UnoMark__3563_3059728681][bookmark: __UnoMark__7128_4034365034][bookmark: __UnoMark__3261_157714069][bookmark: __UnoMark__6766_403042805][bookmark: __UnoMark__7878_2605034588][bookmark: __UnoMark__8822_2945231068][bookmark: __UnoMark__2859_2191441938][bookmark: __UnoMark__4615_2939918683][bookmark: __UnoMark__2662_617957238][bookmark: __UnoMark__5666_3968185039][bookmark: __UnoMark__2727_3596016075][bookmark: __UnoMark__9877_638739579][bookmark: __UnoMark__11386_3830163201][bookmark: __UnoMark__4616_2939918683][bookmark: ZOTERO_BREF_iYRq14SDvJJi][bookmark: __UnoMark__10683_2650164632][bookmark: __UnoMark__3434_1140451748][bookmark: __UnoMark__3600_3563625099][bookmark: __UnoMark__8319_441490669][bookmark: __UnoMark__4027_1307588699][bookmark: __UnoMark__11318_2083084437][bookmark: __UnoMark__7879_2605034588][bookmark: __UnoMark__9624_2650164632][bookmark: __UnoMark__11208_2605034588][bookmark: __UnoMark__3376_1590663317][bookmark: __UnoMark__3847_1923365305][bookmark: __UnoMark__3745_3059728681][bookmark: __UnoMark__7880_2605034588][bookmark: __UnoMark__3601_3563625099][bookmark: __UnoMark__5667_3968185039][bookmark: __UnoMark__11209_2605034588][bookmark: __UnoMark__10684_2650164632][bookmark: __UnoMark__3848_1923365305][bookmark: __UnoMark__9625_2650164632][bookmark: __UnoMark__11319_2083084437][bookmark: __UnoMark__11387_3830163201][bookmark: ZOTERO_BREF_ExO6xWajLPZf][bookmark: __UnoMark__3435_1140451748][bookmark: __UnoMark__3377_1590663317][bookmark: __UnoMark__2663_617957238][bookmark: __UnoMark__4617_2939918683][bookmark: __UnoMark__9878_638739579][bookmark: __UnoMark__4028_1307588699][bookmark: __UnoMark__8320_441490669][bookmark: __UnoMark__2728_3596016075][bookmark: __UnoMark__3011_2191441938][bookmark: __UnoMark__10685_2650164632][bookmark: __UnoMark__9626_2650164632][bookmark: __UnoMark__3849_1923365305][bookmark: __UnoMark__9412_3830163201][bookmark: __UnoMark__8321_441490669][bookmark: __UnoMark__4029_1307588699][bookmark: __UnoMark__8823_2945231068][bookmark: __UnoMark__9879_638739579][bookmark: __UnoMark__3436_1140451748][bookmark: __UnoMark__11210_2605034588][bookmark: __UnoMark__2729_3596016075][bookmark: ZOTERO_BREF_qhzfUBJFuiXI][bookmark: __UnoMark__7881_2605034588][bookmark: __UnoMark__3378_1590663317][bookmark: __UnoMark__3566_3059728681][bookmark: __UnoMark__15403_822016017][bookmark: __UnoMark__2664_617957238][bookmark: __UnoMark__11388_3830163201][bookmark: __UnoMark__3602_3563625099][bookmark: __UnoMark__5668_3968185039][bookmark: __UnoMark__7132_4034365034][bookmark: __UnoMark__11320_2083084437][bookmark: __UnoMark__3192_829661837][bookmark: __UnoMark__4618_2939918683]	Higher shoot growth potential in the wet treatment was observed for families from areas with high April 1st snowpack and high maximum summer temperatures. High maximum temperatures suggest a longer potential growing season, often associated with higher potential height growth in trees (Callaham 1962). High April 1st snowpack can indicate low spring temperatures, but can also indicate high overall precipitation as snow, and therefore longer spring moisture availability as the snow melts (Oroza et al. 2018). These factors of the home climate did not affect shoot growth in the dry treatment one way or the other, although the high snowpack sources did exhibit lower root growth. However, root growth was also lower under both wet and dry treatments for families from areas with high CWD, which was unexpected. It may be that these families have other drought tolerance adaptations that make a larger root system less necessary, such as more cavitation-resistant xylem or modified root vascular anatomy (Brunner et al. 2015), although we were not able to test this. The number of abaxial stomatal rows in the drought treatment was lower for families from areas with warm, wet winters. These climate variables indicate greater availability of moisture, as higher temperatures mean less time when moisture is frozen and hence unavailable for use by trees.
[bookmark: __UnoMark__11321_2083084437][bookmark: __UnoMark__9627_2650164632][bookmark: __UnoMark__3850_1923365305][bookmark: __UnoMark__3379_1590663317][bookmark: __UnoMark__11211_2605034588][bookmark: __UnoMark__5669_3968185039][bookmark: __UnoMark__7827_2605034588][bookmark: __UnoMark__10686_2650164632][bookmark: __UnoMark__8322_441490669][bookmark: __UnoMark__3603_3563625099][bookmark: __UnoMark__4030_1307588699][bookmark: __UnoMark__3437_1140451748][bookmark: __UnoMark__11389_3830163201][bookmark: __UnoMark__9880_638739579][bookmark: ZOTERO_BREF_hhnKStRVFIWr][bookmark: __UnoMark__4619_2939918683][bookmark: __UnoMark__2730_3596016075][bookmark: __UnoMark__2665_617957238][bookmark: __UnoMark__3604_3563625099][bookmark: __UnoMark__9881_638739579][bookmark: __UnoMark__10687_2650164632][bookmark: __UnoMark__9628_2650164632][bookmark: __UnoMark__3380_1590663317][bookmark: __UnoMark__8323_441490669][bookmark: __UnoMark__4031_1307588699][bookmark: __UnoMark__3438_1140451748][bookmark: __UnoMark__3851_1923365305][bookmark: ZOTERO_BREF_wPawwQheayqc][bookmark: __UnoMark__4620_2939918683][bookmark: __UnoMark__5670_3968185039][bookmark: __UnoMark__8024_2605034588][bookmark: __UnoMark__12085_2605034588]	The heritability of trait drought-responsiveness (plasticity) has not been extensively analyzed in forest trees, apart from one previous study in European larch (George et al. 2017). That study calculated “repeatability”, which represents the upper limit of narrow-sense heritability, and found low but significant repeatability for resistance (0.07) and resilience (0.21) when all trees were lumped together, and higher repeatability within provenances (a maximum of 0.39). We treated our families of ponderosa pine as a single “population”, which is supported by landscape genetic data for the trees from the Chico orchard suggesting high connectivity via pollen movement and isolation by distance rather than multiple genetic clusters (Shu 2020). This yielded heritability estimates ranging from 0.0723 to 0.2913 for raw trait values and 0.1526 to 0.6547 for trait plasticity in response to drought. The maximum heritabilities observed were thus higher than the maximum values for the larch growth ring responses to drought, though it should be noted that the higher variability of environmental conditions in a field setting would likely diminish heritability estimates if the seedlings had been grown outdoors.
[bookmark: __UnoMark__8324_441490669][bookmark: ZOTERO_BREF_dveNmjlJ9f1V][bookmark: __UnoMark__5671_3968185039][bookmark: __UnoMark__4621_2939918683][bookmark: __UnoMark__10688_2650164632][bookmark: __UnoMark__3852_1923365305][bookmark: __UnoMark__4032_1307588699][bookmark: __UnoMark__9629_2650164632][bookmark: __UnoMark__3587_1140451748][bookmark: __UnoMark__3606_3563625099][bookmark: __UnoMark__3439_1140451748][bookmark: __UnoMark__9630_2650164632][bookmark: __UnoMark__5672_3968185039][bookmark: __UnoMark__8325_441490669][bookmark: __UnoMark__3853_1923365305][bookmark: __UnoMark__10689_2650164632][bookmark: ZOTERO_BREF_qOntRTjIhwVg][bookmark: __UnoMark__4033_1307588699][bookmark: __UnoMark__3381_1590663317][bookmark: __UnoMark__4622_2939918683][bookmark: __UnoMark__9882_638739579]	 While similar phenotypic drought responses (e.g. greater allocation to roots) have been noted across tree species (Brunner and Godbold 2007, Brunner et al. 2015), the heritabilities of these responses will likely differ due to differences in levels of genetic variation between populations and species. While seedlings in this study were assumed to be half-siblings – a common assumption in wind-pollinated trees – some might have been full siblings. A mixture of half and full siblings could have slightly inflated estimates of heritability (Scotti et al. 2010); if all progeny had been full siblings, heritability estimates would be half those calculated here since the coefficient of relationship in full siblings is ½:
  
Paternity analyses where feasible, or use of hand-pollinated seeds, could control for this factor in future studies. Nevertheless, the fact that the heritabilities measured here for drought responsiveness of seedling traits was as high or higher than the more commonly measured heritability of “raw” traits suggests that more attention should be paid to the evolvability of drought-relevant plastic traits in trees.
[bookmark: __UnoMark__4623_2939918683][bookmark: __UnoMark__3854_1923365305][bookmark: ZOTERO_BREF_w8WmAM1LDj0k][bookmark: __UnoMark__8326_441490669][bookmark: __UnoMark__3382_1590663317][bookmark: __UnoMark__5673_3968185039][bookmark: __UnoMark__10690_2650164632][bookmark: __UnoMark__3607_3563625099][bookmark: __UnoMark__4034_1307588699][bookmark: __UnoMark__3440_1140451748][bookmark: __UnoMark__11213_2605034588][bookmark: __UnoMark__9883_638739579][bookmark: __UnoMark__9631_2650164632]	Seedlings from low-April-snowpack areas tended to have lower shoot weight and greater taproot length. Given that under warmer future conditions the fraction of precipitation received as snow is likely to decline while the date of snow melt becomes earlier, selecting seedlings for restoration plantings from nearby areas that historically had lower April snowpack than the planting site (e.g. areas with a similar latitude but at lower elevations) might help ensure appropriate allocation strategies for current and future conditions. While they did not measure any seedling traits, Young et al. (2020) did find that seedlings from elevation bands lower than the post-fire restoration areas where they were planted just prior to the 2012-2016 California drought did as well or better in terms of stem volume and survival than those from the same elevation as the planting site. Use of genetic markers associated with climatic gradients or with drought-resistance traits might enable more precise seed source selection; this is an approach we are currently testing using seeds from the Chico orchard and a post-fire restoration planting.

Conclusion
	The results of our study indicate that the increasing aridity expected in a warming climate may select in favor of drought responsiveness for some climate response traits in ponderosa pine. This suggests the possibility of some degree of evolutionary adaptation to decreasing water availability, with implications for reforestation, in situ conservation, and assisted migration. Seed sources that produce seedlings with traits relevant to drought tolerance, including adaptive plasticity, may warrant further investigation for reforestation and breeding programs. For instance, because drought treatment root length was shorter for families from areas with higher snowpack or higher climatic water deficit, which may reduce drought survival, it might be best to avoid using seed sources from areas with both high April snowpack and high CWD (a combination found in certain high-elevation areas of the Sierra Nevadas) if aridity is expected to increase at the planting site. On the other hand, seed sources from places associated with adaptive traits such as high R2S could be better suited to deal with escalating aridification. Of the fifteen seed sources with R2S ratios greater than 4, nine (3133, 3158, 3380, 3513, 3332, 3176, 3517, 3348, and 3512) originate in locations where CWD exceeds 740mm and/or April snowpack does not exceed 15mm. Climates could be of importance in selecting seed sources with suitable qualities to withstand a less hospitable future.
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Tables
[bookmark: Ref_Table0_full]Table 1: Definition of 9 phenotypic traits and ANOVA analysis results for each between wet and dry treatment, including RL, SW, RW, SRL, R2S, SDAD, NRAD, NRAB, and GR.
	Trait
	Definition
	p value

	RL
	Root length (cm)
	1.83e-08 ***

	SW
	Shoot weight (g)
	1.2e-08 ***

	RW
	Root weight (g)
	0.48846

	R2S
	[bookmark: __DdeLink__5538_2799233873]Root:shoot dry mass ratio
	1.12e-11 ***

	SDAD
	Stomata density on adaxial side 
	9.17e-15 ***

	NRAD
	Number of stomatal rows, adaxial side
	0.0765

	NRAB
	Number of stomatal rows, abaxial side
	0.00538 **

	GR
	Height growth (cm)
	2e-16 ***

	* = p < 0.05; ** = p < 0.01; *** =p < 0.001.
	


[bookmark: Ref_Table1_full][bookmark: Ref_Table1_full]

[bookmark: Ref_Table3_full]Table 2: Estimated narrow-sense heritabilities (h2) of raw drought response traits in P. ponderosa seedlings exposed to wet and dry treatments, and the heritability of the drought responsiveness of the trait.
	Trait
	h2, dry 
	h2, wet 
	h2, response

	Shoot growth (G)
	0.1185
	0.1829
	0.6547

	Root length (RL)
	0.1102
	0.1646
	0.1526

	Root weight (RW)
	0.2152
	0.2052
	0.1921

	Shoot weight (SW)
	0.2255
	0.2906
	0.2706

	Abaxial stomatal density (SD_ab)
	0.1919
	0.2913
	0.3033

	Adaxial stomatal density (SD_ad)
	0.2183
	0.2530
	0.2323

	No. of abaxial stomatal rows (NRAB)
	0.1603
	0.2446
	0.2889

	No. of adaxial stomatal rows (NRAD)
	0.1489
	0.2469
	0.2548

	Root:shoot dry mass ratio (R2S)
	0.1603
	0.0723
	0.1789





Figure legends
Figure 1: Mother tree source location climate variation (mean 1921-1950). Top left: Mean precipitation vs. mean minimum temperature. Top right: Snowpack vs. mean minimum temperature. Bottom left: Climatic water deficit (CWD) vs. mean maximum temperature. Bottom right: CWD vs. snowpack.

Figure 2: Greenhouse setup for 10 boxes of tubes. There are five wet and five drought boxes, with 100 seedling tubes in each box. AC refers to the evaporative cooler, which was used to control temperature along with the overhead shadecloth seen in the photo to the right.

Figure 3: Cross section of pine needle with abaxial surface at top and adaxial surface at bottom, showing the A) cuticle, B) vascular bundle, and C) resin canals (above). Micrograph of adaxial surface of needle showing stomatal rows (below).

Figure 4: Boxplot of 6 traits in wet and dry treatment, including root length (RL; cm), shoot weight (SW; g), root to shoot ratio (R2S), adaxial stomatal density (SDAD), number of abaxial stomatal rows (NRAB), and shoot height growth (G; cm).

Figure 5: Average shoot weight in wet treatment vs 1921–1950 mean April 1 snowpack (PCK4; mm) of mother tree source location (top left). Average height growth in wet treatment vs 1921–1950 mean summer maximum temperature (TMAX; °C) of mother tree (top right). Dry treatment seedling trait values versus 1921–1950 mean climate variables of mother tree source location: Average root length vs April 1 snowpack of source (bottom left). Average root length vs climatic water deficit (CWD; mm) of source (bottom right).

Figure 6: Average root to shoot dry mass ratio vs survival rate in dry treatment.

Figure 7: Average number of abaxial stomatal rows vs survival rate in wet treatment.

Figure 8: Survival rates (top) and growth rates (bottom) by ranked family under dry (filled circles) and wet (open squares) treatments. Families with no surviving individuals have been omitted.

Appendix S1
Table S1: Seed source climate variation. TMAX = mean maximum summer temperature (°C), TMIN = mean minimum winter temperature (°C), PPTW = mean monthly winter precipitation (mm), PCK4 = mean April 1st snowpack (mm), CWD = mean climatic water deficit (mm).
	ID
	TMAX
	TMIN
	PPTW
	PCK4
	CWD
	Longitude
	Latitude

	3005
	31.78222151
	2.111222175
	185.152225
	0
	527.5133412
	-120.7025
	38.733889

	3018
	26.93644384
	-1.162333307
	265.3066706
	160.5300024
	648.733343
	-120.616667
	39.068889

	3021
	26.69855496
	-0.949222201
	256.4155594
	91.23333469
	660.5100098
	-120.734722
	39.283889

	3029
	28.96488824
	-0.681333318
	267.2755595
	33.65666717
	599.7400089
	-120.951944
	39.433333

	3044
	25.90244387
	-4.342888792
	194.3988918
	217.4800032
	590.3633421
	-119.984444
	38.0025

	3048
	29.48611045
	-0.389444436
	209.9644476
	29.83333378
	702.3433438
	-120.368889
	38.250278

	3073
	28.64277714
	1.222999973
	231.435559
	4.803333405
	622.7333426
	-120.734167
	39.068056

	3075
	27.9922216
	-1.635888852
	223.1555589
	78.57000117
	573.0033419
	-120.401944
	38.716944

	3099
	29.85122155
	-1.805666626
	167.135558
	18.64666694
	725.9400108
	-120.033333
	38.233333

	3121
	30.89444375
	-0.312777771
	202.6777808
	5.000000075
	604.340009
	-120.619167
	38.819167

	3133
	27.9402216
	0.72366665
	320.8966714
	38.69000058
	743.4966777
	-121.301667
	39.751389

	3155
	29.35888823
	-4.188666573
	172.3800026
	109.303335
	616.9733425
	-121.052222
	39.968056

	3142
	27.72311049
	-1.383999969
	348.417783
	202.1533363
	446.3500067
	-121.068889
	39.583889

	3151
	30.50244376
	1.997111066
	274.2933374
	0
	699.8133438
	-121.351944
	39.683333

	3154
	30.38088821
	0.460777767
	237.9411147
	0
	625.5600093
	-121.302222
	39.635833

	3158
	28.6884438
	1.552222188
	298.9322267
	2.620000039
	743.9700111
	-121.316944
	39.751111

	3173
	31.68644374
	-0.265666661
	192.6766695
	0
	656.4100098
	-120.634167
	38.801667

	3176
	27.05055495
	-1.684444407
	185.5033361
	63.11666761
	745.0700111
	-119.568333
	37.384444

	3186
	30.05577711
	1.016999977
	153.6133356
	0
	812.6800121
	-119.452222
	37.235

	3221
	28.05633271
	-0.645333319
	267.7388929
	50.49333409
	572.7433419
	-120.9
	39.401944

	3232
	29.13888824
	-0.451888879
	169.5466692
	5.230000078
	805.160012
	-119.350278
	37.384722

	3248
	25.07777722
	-1.794888849
	268.5288929
	290.386671
	506.9533409
	-120.633333
	39.218611

	3250
	27.36866605
	-1.770111072
	258.5233372
	187.2433361
	664.0266766
	-120.601389
	39.218889

	3252
	25.13577722
	-0.768777761
	267.7622262
	144.3100022
	521.6233411
	-120.751111
	39.300833

	3268
	30.3597771
	-4.127555463
	159.0155579
	43.14666731
	623.616676
	-120.950278
	39.951389

	3277
	27.20999939
	-1.297111082
	343.598894
	208.2633364
	623.0933426
	-121.118056
	39.616667

	3294
	25.34377721
	-5.55144432
	191.471114
	409.3633394
	581.743342
	-120.651944
	39.835278

	3308
	24.74233278
	-0.766111094
	178.2000027
	48.43333406
	594.3400089
	-119.834444
	37.719167

	3316
	22.30988839
	-5.246333216
	146.52778
	246.8500037
	534.930008
	-119.284722
	37.250556

	3333
	26.81733273
	-1.762222183
	338.9655606
	282.5866709
	559.5733417
	-121.101111
	39.634167

	3348
	27.66211049
	-0.987999978
	184.2155583
	47.46666737
	742.5400111
	-119.701944
	37.466944

	3355
	30.89166598
	1.104999975
	165.1966691
	0
	764.4333447
	-119.600278
	37.283333

	3369
	29.49211045
	0.210888884
	151.2622245
	11.64000017
	810.1900121
	-119.417222
	37.2025

	3373
	30.06455488
	1.12155553
	139.808891
	0
	865.3666796
	-119.369167
	37.201667

	3380
	31.94066595
	2.210444395
	249.3800037
	0
	608.3966757
	-121.301111
	39.668889

	3468
	26.26944386
	-2.161222174
	262.8433373
	287.8333376
	625.766676
	-120.583889
	39.085833

	3510
	28.97588824
	1.119777753
	302.2011156
	14.78333355
	722.2500108
	-121.333611
	39.685

	3512
	28.9154438
	0.798666649
	298.3100044
	12.27333352
	627.7133427
	-121.302222
	39.718056

	3513
	29.16711046
	1.560999965
	291.5700043
	0.550000008
	640.2866762
	-121.318056
	39.718333

	3517
	29.50544378
	0.96211109
	291.0400043
	10.52333349
	782.403345
	-121.335833
	39.651389

	3521
	26.45922163
	-0.011666666
	341.2600051
	167.6266692
	588.0333421
	-121.2675
	39.885556

	4208
	28.42188825
	-0.480555545
	250.5755593
	70.93333439
	541.4366747
	-121.633333
	40.085278

	4211
	26.76455496
	-5.129777663
	246.5177815
	436.5000065
	500.4833408
	-121.450278
	40.235833

	4217
	27.9572216
	-2.610999942
	232.7677812
	120.6166685
	387.3766724
	-121.535833
	40.167222

	4227
	27.26922161
	-5.769222093
	148.0722244
	219.6800033
	544.5133414
	-121.167222
	40.200278

	4233
	30.40311043
	0.314555549
	184.5788916
	0
	722.9866774
	-121.685833
	40.183889

	18818
	30.43388821
	-1.019555533
	167.2344469
	0.043333334
	751.1900112
	-119.950556
	37.718056




Table S2: Sample sizes for heritability calculations.
	Trait
	No. of families
	No. of individuals

	Shoot growth (G)
	38
	243

	Root length (RL)
	39
	225

	Root weight (RW)
	37
	223

	Shoot weight (SW)
	37
	220

	Abaxial stomatal density (SD_ab)
	40
	228

	Adaxial stomatal density (SD_ad)
	39
	226

	No. of abaxial stomatal rows (NRAB)
	40
	239

	No. of adaxial stomatal rows (NRAD)
	40
	239

	Root:shoot dry mass ratio (R2S)
	37
	221
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