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            Abstract
Climate warming will influence photosynthesis via thermal effects and by altering soil moisture1,2,3,4,5,6,7,8,9,10,11. Both effects may be important for the vast areas of global forests that fluctuate between periods when cool temperatures limit photosynthesis and periods when soil moisture may be limiting to carbon gain4,5,6,9,10,11. Here we show that the effects of climate warming flip from positive to negative as southern boreal forests transition from rainy to modestly dry periods during the growing season. In a three-year open-air warming experiment with juveniles of 11 temperate and boreal tree species, an increase of 3.4â€‰Â°C in temperature increased light-saturated net photosynthesis and leaf diffusive conductance on average on the one-third of days with the wettest soils. In all 11 species, leaf diffusive conductance and, as a result, light-saturated net photosynthesis decreased during dry spells, and did so more sharply in warmed plants than in plants at ambient temperatures. Consequently, across the 11 species, warming reduced light-saturated net photosynthesis on the two-thirds of days with driest soils. Thus, low soil moisture may reduce, or even reverse, the potential benefits of climate warming on photosynthesis in mesic, seasonally cold environments, both during drought and in regularly occurring, modestly dry periods during the growing season.
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                    Fig. 1: Photosynthesis is reduced by drying soils, and more so with simulated climate warming.[image: ]


Fig. 2: Leaf conductance is reduced by drying soils, and more so with simulated climate warming.[image: ]


Fig. 3: Warming stimulates photosynthesis on average in moist soils, but not otherwise.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Soil water (VWC) in relation to day of year.
aâ€“f, VWC (m3 mâˆ’3;Â 0â€“20Â cm depth) was averaged by day, variation shown daily across the season among treatments, sites and years. Daily values represent means among all plots within a treatment at each site. Measurements were logged continuously, recorded hourly, thus a total of approximately 3,600 measurements for each of the 24 plots in each year for the time period are shown. Vertical dashed lines show the range of dates during which photosynthetic measurements were made.


Extended Data Fig. 2 Range of temperature, evaporative demand (VPG) and soil moisture across the three growing seasons during gas exchange measurements.
Top, average leaf temperature and VPG for all gas exchange measurements across the three years in relation to soil water (VWC). There was no significant correlation between VPG and VWC over the three-year period (Pâ€‰>â€‰0.30); there was a significant correlation (R2â€‰=â€‰0.03, Pâ€‰<â€‰0.001) between leaf temperature and VWC across warming treatments. Bottom, net photosynthetic rate in relation to leaf temperature (polynomial fit all data pooled, R2â€‰=â€‰0.02, Pâ€‰<â€‰0.001). Blue, ambient; red, +3.4â€‰Â°C. Sample sizes, approximately 1,989â€“2,050, around half in each warming treatment. A few data points are out of the y-axis range and therefore not visible.


Extended Data Fig. 3 Maximum biochemical photosynthetic capacityÂ in moist soils.
Mean (Â±s.e.m.) maximum carboxylation capacity (Vcmax-25, Î¼molÂ mâˆ’2Â sâˆ’1) at 25â€‰Â°C of 11 gymnosperm and angiosperm trees species in ambient (grey) and +3.4â€‰Â°C experimentally warmed (black) treatments for days with moist soils (data are shown for theÂ highest half of VWC observations, those with VWCâ€‰>â€‰0.148). Species within groups are arranged from left to right from most temperate to most boreal distribution (as in Fig.Â 1). Data are from multiple days across three years and otherwise averaged across the spectrum of moist soil water availability. Individual measurements are shown as small grey dots. Sample sizes by species for ambient, +3.4â€‰Â°C: A. rubrum, 78, 55; Q. rubra, 75, 47; Q macrocarpa, 43, 28; R. cathartica, 69, 48; A. saccharum, 44, 29; P. tremuloides, 92, 50; B. papyrifera, 91, 56; P. strobus, 36, 22; P banksiana, 36, 24; A. balsamea, 10, 6; P glauca, 11, 6. A few data points are out of the y-axis range and are therefore not visible.


Extended Data Fig. 4 Percentage of stomatal limitation of net photosynthesis in relation to soil moisture (VWC) by species for ambient and experimentally warmed plants.
The percentage of stomatal limitation was calculated according toÂ previous studies25,26. Data are from multiple days across three years (nâ€‰=â€‰1,991 across species). In a full model analogous to those used in TableÂ 1, the slope of the percentage of stomatal limitation versus VWC was significantly steeper in warmed (red) than ambient (blue) plants (interaction of VWCâ€‰Ã—â€‰warming treatment, F1,593â€‰=â€‰38.1, Pâ€‰<â€‰0.0001). The arrows show the median VWC across all measurements for the ambient and warmed plants of each species. Species are arranged from top to bottom by their geographical ranges (temperate species in top two rows, boreal in bottom two rows).


Extended Data Fig. 5 Relationships of net photosynthesis and leaf conductance to soil water content for different VPG classes and leaf temperatures.
Relationships are shown for two temperature treatments, for three VPG classes (left four panels) and three leaf temperature classes (right four panels). Data are pooled across all species and show the regression line for Anet and gs in relation to VWC in three VPG classes (0.4â€“1.6, 1.6â€“2.8, 2.8â€“4.0 kPa; red, green and blue lines, respectively) and for ambient and warmed (+3.4â€‰Â°C) treatment plants; and in relation to VWC in three Tleaf classes (8â€“20, 20â€“32, 32â€“38â€‰Â°C; dashed, dotted, and solid black lines, respectively) for ambient and warmed (+3.4â€‰Â°C) treatment plants. Sample sizes in each panel, around 950â€“995. A few data points are out of the y-axis range and therefore not visible.


Extended Data Fig. 6 Conceptual illustration of mechanisms that influence the effect of climate warming on the response of realized Anet and soil water content (VWC).
Schematics are shown for angiosperms (left) and gymnosperms (right). Red lines indicate warmed treatment plants, blue lines ambient plants. The regression lines are pooled for all seven angiosperms and all four gymnosperms, at each warming treatment. The arrows show the direction of the effect of warming treatment on specific factors and the size of the letters indicates the relative magnitude of those effects on Anet. Bold fonts in black indicate changes that increase Anet in warmed plants relative to ambient plants, italic fonts in grey indicate changes that decrease Anet in warmed plants relative to ambient plants. For angiosperms in moist soils, warmed plants exhibit large increases in Vcmax and in carbon demand (from 23% higher growth19) that far outweigh the likely modest increases in dark respiration in the light (Rlight)22 and in photorespiration (Rphoto)27, to result in large increases in Anet. For angiosperms in dry soils, however, experimental warming results in lower water availability that slows growth, reducing carbon demand in warmed (compared to ambient) plants. In dry soils, warming also increases stomatal limitation of photosynthesis (perhaps due in part to slightly higher VPG in warmed plots), and constrains the magnitude of positive effects of Vcmax on Anet. The combination of increased Rlight and Rphoto and reduced carbon demand, slightly outweigh increased Vcmax and result in slightly reduced Anet in warmed compared to ambient angiosperms. The responses of gymnosperms are similar, except that changes in Vcmax with warming are less positive (than in angiosperms) in moist soils and negative in dry soils; additionally, the negative overall growth response (âˆ’26% growth response on average19) to warming suggests at most a small warming-induced increase in carbon sink strength when soils are wet and a larger decline when soils are dry. Collectively these factors make the Anet response of gymnosperms to warming more negative than that of angiosperms at every VWC level. Additionally (not shown in this conceptual figure, see Fig.Â 1), climate warming leads to higher evapotranspiration and thus more pronounced soil drying, therefore warmed plants operate at lower levels of VWC on average (Fig.Â 1) and at the vast majority of points in time (Extended Data Fig.Â 1), promoting the tendency of warmed plants to have lower Anet on average than ambient plants (Fig.Â 3).


Extended Data Table 1 Annual climate means for the two sites before and during the experimentFull size table


Extended Data Table 2 VWC percentilesÂ for measurement dates and all datesFull size table


Extended Data Table 3 Species-specific models of photosynthesis in relation to warming treatment and soil moistureFull size table


Extended Data Table 4 Summaries of mixed model analyses for species examined across two or three yearsFull size table
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