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Plant species that start early in spring are generally more responsive to rising temperatures, raising concerns that climate warming may favour early season species and result in altered interspecific interactions and community structure and composition. This hypothesis is based on changes in spring phenology and therefore active growing season length, which would not be indicative of possible changes in growth as would changes in cumulative forcing temperatures (growing degree days/hours) in the Northern Hemisphere. In this study we analysed the effects of a moderate climate warming (2°C warmer than the 1981–2010 baseline) on the leaf-out of hypothetical species without chilling restriction and actual plant species with different chilling and forcing requirements in different parts of the globe. In both cases, early season species had larger phenological shifts due to low leaf-out temperatures, but accumulated fewer forcing gains (changes in cumulative forcing temperatures by warming) from those shifts because of their early spring phenology. Leaf-out time was closely associated with leaf-out temperatures and therefore plant phenological responses to climate warming. All plant species would be equally affected by climate warming in terms of total forcing gains added from higher temperatures when forcing gains occurring between early and late season species are included. Our findings will improve the understanding of possible mechanisms and consequences of differential responses in plant phenology to climate warming.
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INTRODUCTION

Plant phenology, particularly in spring, is sensitive to temperature changes (Murray et al., 1989; Wang et al., 2015; Primack and Gallinat, 2016) and therefore responsive to climate warming (Badeck et al., 2004; Schwartz et al., 2006; Gunderson et al., 2012). Extensive data have been accumulated through observational studies and warming experiments (Parmesan, 2007; Wolkovich et al., 2012). Interpreting phenological changes and understanding differences among species in their responses to climate warming, however, are challenging. In addition to variations across geographic gradients of latitudes and altitudes (Root et al., 2003; Ziello et al., 2009; Čufar et al., 2012; Prevéy et al., 2017; Post et al., 2018; Vitasse et al., 2018; Suonan et al., 2019), plant phenological responses vary substantially among species with differing spring phenology, i.e., species that leaf-out early in spring are generally more responsive to changes in temperatures than those that leaf-out later (Morin et al., 2009; Polgar et al., 2014; Shen et al., 2014; Primack and Gallinat, 2016), resulting in increasing interspecific differences in leaf duration and potentially in seasonal photosynthesis and growth (Badeck et al., 2004; Vitasse et al., 2009; Polgar and Primack, 2011; Cleland et al., 2012; Gunderson et al., 2012). If larger phenological advances enable early season plants to track temperature changes and exploit an earlier spring, as is often suggested (Fitter and Fitter, 2002; Primack and Gallinat, 2016; Zettlemoyer et al., 2019), these early plants could gain growth and competitive advantages over late season species. It is therefore widely believed that climate warming favours early season species and could alter interspecific relationships, community structure, and ecosystem functions (Fitter and Fitter, 2002; Polgar and Primack, 2011; Polgar et al., 2014; Shen et al., 2014; Primack and Gallinat, 2016).

The implications of interspecific differences in phenological responses, however, would be different if plant responses to climate warming are assessed by changes in cumulative forcing temperatures that occur during phenological changes. During the spring, daily forcing temperatures change substantially over time, as air temperatures increase. On the one hand, early season species have more changes in spring phenology per unit forcing temperature due to low leaf-out temperatures and are therefore more sensitive to temperature changes (Fitter and Fitter, 2002; Shen et al., 2014; Zhang et al., 2015). On the other hand, early season species would have smaller changes in cumulative forcing temperatures from warming than late season species due to their early spring phenology and cumulative effects of spring temperatures. It is not clear how changes in spring phenology are associated with changes in cumulative forcing temperatures among species with differing spring phenology. Past plant phenological research are generally focused on changes in spring phenology, although changes in cumulative forcing temperatures generally drive plant development in the Northern Hemisphere (Hänninen, 1990; Badeck et al., 2004; Man and Lu, 2010).

In this study, we assessed plant responses to warming by changes in both leaf-out time (phenological shifts/changes/responses) and cumulative forcing temperatures (growing degree days/hours). This assessment was based on plant responses under different scenarios of chilling satisfaction, hypothetical species without chilling restriction and actual plant species with different chilling and forcing requirements (species-specific leaf-out models developed in Canada, China, and United Kingdom). Our objective was to determine how spring phenology may influence plant phenological shifts and if phenological shifts would represent possible changes in plant growth due to climate warming. More specifically, we were interested in knowing (1) if leaf-out time and forcing requirements (species-specific cumulative forcing temperatures for leaf-out) are associated with insufficient chilling induced by warming climate and (2) how leaf-out time, leaf-out temperature, phenological shifts, and forcing gains (changes in cumulative forcing temperatures by warming) relate to each other.



MATERIALS AND METHODS

To illustrate how plants with differing spring phenology would respond to warmer (+2°C) temperatures, we first examined hypothetical species with different forcing requirements using temperature data from Sault Ste. Marie, Ontario, Canada (Figure 1 and Table 1). Chilling requirements for breaking winter dormancy were assumed to be fully met before the start of forcing temperature accumulation from January 1 to ensure that phenological responses were not restricted by possible insufficient chilling induced by warming. This assumption generally holds for this area because of the long, cold winters with temperatures below zero until early March (Figure 1A; Colombo, 1998; Man et al., 2017, 2020). We chose five levels of forcing requirements for leaf-out: 500, 1,000, 2,000, 5,000, and 10,000 growing degree hours >0°C since January 1. The first two represent very early spring plants such as grasses and early shrubs (Badeck et al., 2004; Primack and Gallinat, 2016), while the other three represent tree species with early to late spring phenology (Colombo, 1998; Man et al., 2017, 2020).
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FIGURE 1. Quantification of species response to climate warming (2°C uniform warming) for hypothetical species d (forcing requirement = 5,000 cumulative growing degree hours (CGDH > 0°C) since January 1 at leaf-out date d0 and d2 under current and future warmer conditions) relative to reference species e (10,000 CGDH at e0) using 2018–2019 winter temperatures in Sault Ste Marie, Ontario, Canada, (A) mean daily temperatures, (B) daily forcing temperatures showing forcing gains by species d (Equation 4 in “Materials and Methods”) and forcing gains that occur between subject species d and reference species e (Equation 5 in “Materials and Methods”), and (C) cumulative forcing temperatures (see Table 1 for more details).



TABLE 1. Phenological shifts (changes in leaf-out time), forcing gains (changes in cumulative forcing temperatures), and leaf-out temperatures (average temperatures within the window of phenological shifts) for hypothetical species of very early to late spring phenology [500–10,000 cumulative growing degree hours (CGDH > 0°C) since January 1] in response to 2°C uniform increases of 2018–2019 winter temperatures in Sault Ste Marie, Ontario, Canada.
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 We then compared the responses of woody plant species with differing spring phenology in response to 2°C uniform increase of hourly or daily temperatures over the 1981–2010 baseline, using species-specific chilling–forcing models developed under different climates. Both phenological shifts and forcing gains were averaged over 30 years and 9–12 locations for each species (Supplementary Table 1). Species phenological shifts were related to their forcing requirements and leaf-out temperatures using linear or nonlinear regression models for each of the five regions—boreal Canada, temperate Canada, cold temperate China, warm temperate China, and temperate United Kingdom—using R version 3.6.2 (R Development Core Team, 2019).


Phenological Models and Predictions

We selected leaf-out models developed in different climate conditions for species with differing spring phenology (Supplementary Table 2). Three studies met our needs, 3-parameter exponential and 4-parameter sigmoid models for boreal and temperate trees in Canada (Man et al., 2017, 2020), 2-parameter exponential models for temperate trees/shrubs in China (Zhang et al., 2018), and 3-parameter exponential models for temperate trees/shrubs in the United Kingdom (Murray et al., 1989). The hourly temperatures required by leaf-out models for boreal and temperate tree species in Canada (Man et al., 2017, 2020) were downloaded from the Environment Canada historical data portal1 for 12 locations in the boreal region and 9 locations in the temperate region across the country (Supplementary Table 1). Daily temperature data for the species in China were obtained from the China Meteorological Data Sharing Service System2 for 24 weather stations (12 each for cold and warm temperate regions). For the United Kingdom, temperature data were obtained from the Met Office gridded land surface climate observations (Hollis and McCarthy, 2017) for 5 km × 5 km grids covering 12 locations (Supplementary Table 1).

We followed the original researchers’ methods in calculation of winter chilling and forcing temperature (growing degree days/hours). The hourly chilling required for the leaf-out models in Canada was calculated using the Sarvas model (Sarvas, 1974) and accumulated from October 1 of the previous year and cumulative forcing temperatures were calculated as cumulative growing degree hours above 0°C starting from January 1 of the current year (Man et al., 2017, 2020). For species in China, winter chilling and forcing temperatures were accumulated from November 1 and January 1, respectively, using daily mean temperatures and species-specific threshold parameters (a phenology model referred to as Ar3 in the original study) (Zhang et al., 2018). For species in the United Kingdom, winter chilling was determined as the number of days (mean daily temperature <5°C since November 1, previous year) and cumulative forcing temperatures as cumulative growing degree days (mean daily temperature >5°C since January 1, current year) (Murray et al., 1989). For all species and locations, leaf-out time was determined when the chilling–forcing relationships of the species/species groups crossed the chilling–forcing curves of weather data. Because of differences in units (day or hour) and thresholds in forcing temperature calculations, we used cumulative mean daily temperatures (>5°C since January 1) at the estimated leaf-out time for comparing forcing gains and forcing requirements among species.



Quantifying Species Responses to Warming

For both hypothetical species and actual woody species with differing chilling and forcing requirements, their responses to warmer temperatures were assessed by phenological shifts and forcing gains. Unlike phenological shift that only measures changes in leaf-out time, the forcing gains by individual species need to be partitioned between shifting spring phenology and balancing chilling effects due to warming-induced variations in species’ forcing requirements. The forcing gains between phenological events of different species should also be considered when species with differing spring phenology are compared with each other. The forcing gains by different reference points can be quantified, as outlined below, from cumulative forcing (cumulative forcing temperatures since January 1) or daily forcing temperatures (illustrated for species d, see Figure 1).
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where d0 and d2 are the current (2018–2019 baseline) and future (2°C warmer) dates of spring phenology (leaf-out, see Figure 1B). Spring phenology could advance, i.e., d2 < d0, or be delayed due to insufficient chilling, i.e., d2 > d0. Absolute values were used to conserve the variations of phenological shifts in the calculation of averages over multiple years and locations.
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The forcing gains that occur during phenological shifts can be quantified from daily forcing temperatures or cumulative forcing temperatures. Here, T2i is the future (2°C warmer) daily forcing temperatures (Figure 1B), and T0 and T2 are the current and future cumulative forcing temperatures (Figure 1C). In a simplified scenario (option 3) where forcing requirements do not change with warming, the forcing gains from phenological shifts can be calculated from the differences between current and future cumulative forcing temperatures by the current date of spring event.
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The differences in species’ forcing requirement between current (T0(d0)) and future warmer (T2(d2)) conditions can be attributed to chilling effects when winter chilling is inadequate and varies with warming. Chilling effects are positive when forcing requirement increases or negative when forcing requirement decreases with warming.
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The forcing gains by species can be determined with forcing gains from phenological shifts and chilling effects, or calculated directly from cumulative forcing temperatures. Species phenological shifts would be less than expected from warming when chilling effects > 0, i.e., forcing gains from phenological shifts < forcing gains by species, or more than expected from warming when chilling effects < 0, i.e., forcing gains from phenological shifts > forcing gains by species.
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The forcing gains between species are the forcing gains occurring in one species relative to that of another (i.e., species d relative to reference species e, or alternatively to a date in late spring when all plants start growing, e.g., May 31) and equal the differences between forcing gains by reference species e and those by subject species d. Here e0 is the current date of spring phenology for reference species e. The forcing gains beyond reference species do not differ among species being compared and therefore do not need to be considered.
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The total forcing gains in spring are the total forcing gains for the species being compared and increase with climate warming and spring phenology for the reference species.
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Leaf-out temperature is the average temperature within the time window of the phenological shift (d0 to d2) on future daily mean temperatures (t2) (Figure 1A).




RESULTS


Hypothetical Species Without Chilling Restriction

The hypothetical species that have lower forcing requirements (early season species) generally had larger phenological shifts but fewer forcing gains from phenological shifts (equivalent to forcing gains by species due to absence of chilling effects), compared to the species that have higher forcing requirements (late season species) (Table 1). While the forcing gains by species increased with leaf-out time (i.e., species’ forcing requirement), the association of phenological shifts with leaf-out time was strongly influenced by temperature fluctuations during the period of phenological shifts, i.e., smaller shifts with relatively high leaf-out temperatures (more concentrated forcing temperatures, species c and d) and larger shifts with relatively low leaf-out temperatures (more spread forcing temperatures, species b). Total forcing gains in spring were the same for all species after forcing gains occurring between species (relative to late season species e) were added to forcing gains by species (Figure 1 and Table 1).



Woody Species With Differing Chilling and Forcing Requirements

For the woody species selected from different parts of the globe, leaf-out time, averaged over multiple years and locations, advanced by 10–16 days in Canada and 5–10 days in China relative to the 1981–2010 baseline. In the United Kingdom, leaf phenology was either advanced or delayed (positive or negative forcing gains from phenological shift; see Table 2). Except for cold temperate species in China, based on best-fit regression models, phenological shifts decreased significantly with increases in species’ forcing requirements from early to late spring phenology and leaf-out temperatures (Figures 2, 3). Early season species generally had larger phenological shifts than late season species. These trends were more evident in Canada and the United Kingdom, where the study species have broader ranges of spring phenology (Figure 2) and more variable leaf-out temperatures during phenological shifts (Figure 3).


TABLE 2. Mean forcing gains (changes in cumulative growing degree days > 5°C since January 1) from 2°C uniform increases of 1981–2010 temperatures by species/species groups and climate regions (averages over 30 years and 9–12 locationsa).
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FIGURE 2. Relationships between phenological shifts of woody species from the 1981–2010 baseline to future warmer (2°C uniform warming) climates and species’ forcing requirements (cumulative growing degree days > 5°C since January 1 at leaf-out) for (A) Canada, (B) China, and (C) the United Kingdom. Values are averaged by species/species groups over 30 years and 9–12 locations under baseline and future warmer climates. Species forcing requirements range from low to high for early to late season species.
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FIGURE 3. Relationships between phenological shifts of woody species from the 1981–2010 baseline to future warmer (2°C uniform warming) climates and leaf-out temperatures (average temperatures during phenological shifts) for (A) Canada, (B) China, and (C) the United Kingdom. Values are averaged by species/species groups over 30 years and 9–12 locations under baseline and future warmer climates.


The cold temperate species in China showed slightly different, but non-significant trends. The initiation of leaf-out occurred in late spring at higher leaf-out temperatures, which reduced phenological shifts, particularly for early season species, and resulted in smaller interspecific differences. The large increase in species’ forcing requirements in the warm temperate species Platycladus orientalis and Pinus tabuliformis by warming (chilling effect; see Table 2) reduced phenological shifts (2 outliers in Figures 2, 3).

Warming increased winter chilling and therefore reduced species’ forcing requirements for Canadian species and cold temperate species in China, as shown by negative chilling effects for all species (Table 2). The mixed changes in species’ forcing requirements, as indicated by both positive and negative chilling effects, among warm temperate species in China resulted in variable phenological shifts, whereas the large increases in species’ forcing requirements among species in the United Kingdom (high positive chilling effects) substantially reduced the allocation of species forcing gains on phenological shifts (Figures 2, 3 and Table 2).




DISCUSSION

The smaller phenological shifts for late season species are often attributed to their higher chilling requirements and therefore insufficient chilling induced by warming climate (Morin et al., 2009; Polgar et al., 2014; Primack and Gallinat, 2016). Our analyses do not support such a connection. Late season species were less responsive to warming, even without chilling restriction (hypothetical species with zero chilling effects). For woody species examined in this study, insufficient chilling (positive chilling effects) occurred only in species in warm temperate China and the United Kingdom and was associated with species forcing requirements only for United Kingdom species (Table 2). When chilling effects were expressed in days of phenological changes, however, no such relationship was evident. This result is consistent with previous findings by some that species chilling requirements are not associated with their timing of spring events (Man et al., 2017, 2020), but contrary to the suggestions by many others that they are (Morin et al., 2009; Polgar et al., 2014; Primack and Gallinat, 2016).

Our leaf-out temperature and forcing gain analyses provide an innovative approach to understanding plant phenological responses to climate warming. Our findings help explain varying phenological sensitivity among species that has long been noticed but not well understood, i.e., early season species and vegetation are more sensitive to temperature changes and more responsive to climate warming (Fitter and Fitter, 2002; Shen et al., 2014; Zhang et al., 2015). The primary difference between early and late season species is the forcing requirement to initiate spring events, but not necessarily the need for winter chilling to release dormancy. Although the forcing gains by species are smaller for early season species, they are subject to lower leaf-out temperatures in early spring and therefore require larger phenological shifts to accumulate forcing temperatures. Comparatively, late season species can accumulate more forcing temperatures in less time because temperatures are higher. The slow accumulation of forcing temperatures under low temperatures at the time of spring events would also help explain the larger phenological responses at high latitudes and altitudes (Root et al., 2003; Ziello et al., 2009; Čufar et al., 2012; Prevéy et al., 2017; Post et al., 2018; Vitasse et al., 2018; Suonan et al., 2019) and for earlier phenological events (Ma et al., 2021). Therefore, differences in temperatures and rates of forcing temperature accumulations at the time of spring events may largely account for interspecific and regional differences in temperature sensitivity and phenological responses.

Our analyses indicate that interspecific differences in spring phenology and active growing season length will increase with climate warming (Badeck et al., 2004; Vitasse et al., 2009; Gunderson et al., 2012). This increasing spread of timing and duration of active growing season, however, would not alter interspecific relationships, community structure, or ecosystem function. Our results showed that phenological responses do not represent species forcing gains, that chilling effects are not associated with spring phenology, and that all species are equally affected by warming in terms of total forcing gains in spring from higher temperatures. The use of phenological responses or active growing season extensions by changes in spring phenology in modelling and projection, as is often suggested (Peñuelas et al., 2009; Cleland et al., 2012; Prevéy et al., 2017), would include more early spring days of low temperatures and therefore overestimate the extra growth that may occur due to warming for early season species. By contrast, the use of forcing gains by species would miss between species gains and lead to underestimation for early season species. The larger phenological responses by early season species do not bring thermal advantages, contrary to some common beliefs (Fitter and Fitter, 2002; Polgar and Primack, 2011; Polgar et al., 2014; Shen et al., 2014; Primack and Gallinat, 2016) that are apparently based on the assumption that early spring cold days contribute equally to plant growth as would late spring warm days. This assumption overlooks the fact that in the Northern Hemisphere, spring temperatures are generally below the optimum for plant growth; the earlier the spring phenology, the lower the leaf-out temperature and therefore the more plant growth is likely to be restricted (Tao et al., 2021). In boreal Canada, some early season species start leaf-out at daily temperatures slightly above zero (Figures 1, 3 and Table 1). New leaf development would be slow or stagnant in early and cold springs (Polgar and Primack, 2011). Although evergreen mature leaves can resume photosynthesis as soon as temperatures reach above zero, their photosynthetic systems would not operate at high efficiency (Man and Lieffers, 1997a), particularly with cold soils (Man and Lieffers, 1997b). Exposure to high irradiance at low photosynthetic capacity in late winter and early spring can lead to the destruction of photosynthetic systems through photoinhibition and photooxidation (Man and Lieffers, 1997b).

The larger phenological responses by early season species and more species forcing gains by late season species are both true from individual species perspective but biased and misleading for among-species comparisons when interspecific differences in spring phenology and chilling effects are not considered. Among the four species response attributes examined (i.e., phenological shifts, forcing gains from phenological shifts, forcing gains by species, and chilling effects), chilling effects are the only one that is not associated with leaf-out temperatures or timing of spring events and can help detect among-species differences in potential growth responses to climate warming. Species with high positive chilling effects would have disadvantages, whereas those with more negative chilling effects would have advantages over other species. As early successional and invasive species generally start growing early in spring (Körner and Basler, 2010; Polgar and Primack, 2011; Polgar et al., 2014), their sensitive spring phenology and larger increases in active growing season length result in competitive advantages and therefore potential changes in ecosystem structure and function under future climate (Fitter and Fitter, 2002; Morin et al., 2009; Polgar and Primack, 2011; Polgar et al., 2014; Shen et al., 2014; Primack and Gallinat, 2016; Zettlemoyer et al., 2019). In forestry, the conifer-based wood industry would change due to competitive disadvantages and therefore possible decline of late season conifers on the landscape. Based on our forcing gain analyses, this would not occur. Instead, early season species may have disadvantages if larger advances in spring phenology are associated with higher risk of frosts (Morin et al., 2009; Primack and Gallinat, 2016), i.e., episodes of unseasonably warm days in early spring followed by seasonally cold days (Gu et al., 2008; Man et al., 2009, 2013).

In summary, plant phenological responses to warming in spring are strongly influenced by temperatures at the time of spring events, i.e., larger responses are generally associated with lower temperatures and smaller responses with higher temperatures. Comparatively, early season species could have larger phenological changes but accumulate fewer forcing gains from these changes due to low temperatures. Total forcing gains added from higher temperatures would not differ among species when forcing gains between early and late season species are included. This suggests that phenological changes are not associated with changes in cumulative forcing temperatures and therefore would not be indicative of possible changes in plant growth, interspecific relationships, community structure, and ecosystem function that may occur with warming climate. The phenological assessments based on changes in timing of spring leaf-out and therefore active growing season would not provide adequate information about ecological implications of phenological changes. Future studies need to include temperatures at the time of spring events when reporting phenological changes.

Precautions may be required for possible limitations of the conclusions. First, our analyses were based on the assumption that plant phenology in spring is dependent only on temperatures, i.e., cumulative winter chilling for dormancy release and cumulative forcing temperatures for leaf-out, a hypothesis that most phenological models are based on (Murray et al., 1989; Harrington and Gould, 2015; Man et al., 2017, 2020; Zhang et al., 2018). There is increasing interest in the role of photoperiod on spring phenology (Körner and Basler, 2010; Polgar and Primack, 2011; Way and Montgomery, 2015). However, the effects of photoperiod are variable (Cooke et al., 2012; Wang et al., 2020) and certainly not as important as temperatures (Laube et al., 2014; Harrington and Gould, 2015; Nanninga et al., 2017). The claimed photoperiod effects are often confounded with temperature effects, i.e., longer photoperiods are associated with greater forcing temperatures (Nienstaedt, 1967; Worrall and Mergen, 1967; Falusi and Calamassi, 1990; Heide, 1993; Caffarra and Donnelly, 2011). More evident photoperiod effects are reported when winter chilling is insufficient (Körner and Basler, 2010; Way and Montgomery, 2015), which would not be the case with a moderate warming of 2°C in this study. In fact, cumulative winter chilling mostly increased (Table 2). Similarly, the effects of other environmental drivers, such as nutrient and water availability that are often limited to specific ecosystems, are generally smaller than those by temperatures or photoperiod (Piao et al., 2019). Second, we did not assess changes in leaf-fall time due to the lack of plant responses to warming in fall phenology (Piao et al., 2019) and the lack of a good understanding on among-species differences in leaf colouring/fall. We assumed that plant species would not differ in their responses to warming in fall phenology. However, there is evidence that spring and autumn phenology are positively correlated, i.e., plants that start early in spring will likely end early in fall producing little change in growing season length (Piao et al., 2019). This would support our conclusion that climate warming does not favour early season species.
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Species/species group Phenological shift(1) Chilling effect(2) By species(1 + 2) Between species(3) Total in spring(1 + 2 + 3)

Boreal species in Canada (12 locations)

Pinus banksiana +16 -1 +15 +53 68
Populus balsamifera +30 -3 +27 +41 68
Betula papyrifera +52 —4 +48 +20 68
Populus tremuloides +55 —4 +51 +17 68
Picea glauca +54 -2 +52 +16 68
Picea mariana +70 -2 +68 Reference 68
Temperate species in Canada (9 locations)

Pinus strobus +13 —1 +12 +72 84
Larix laricina +29 -5 +24 +60 84
Betula alleghaniensis +37 —-11 +26 +58 84
Pinus resinosa +52 -9 +43 +41 84
Thuja occidentalis +54 -8 +46 +38 84
Picea rubens +91 -7 +84 Reference 84
Cold temperate species in China (12 locations)

Salix babylonica +48 -2 +46 +46 92
Salix matsudana +58 -5 +53 +39 92
Populus simonii +60 -2 +58 +34 92
Ulmus pumila +63 —1 +62 +30 92
Populus X canadensis +70 —4 +66 +26 92
Amorpha fruticosa +71 -1 +70 +22 92
Koelreuteria paniculata +75 —4 +71 +21 92
Fraxinus chinensis +89 —4 +85 T 92
Ailanthus altissima +91 -3 +88 +4 92
Ginkgo biloba +96 -7 +89 +3 92
Morus alba +94 —4 +90 +2 92
Sophora japonica +102 —10 +92 Reference g2
Warm temperate species in China (12 locations)

Prunus davidiana +60 -3 +57 +51 108
Platycladus orientalis +43 +23 +66 +42 108
Juglans regia +80 -8 +72 +36 108
Malus pumila +58 +13 +71 +37 108
Euonymus alatus +81 -7 +74 +34 108
Prunus kansuensis +76 -2 +74 +34 108
Amygdalus persica +77 +1 +78 +30 108
Robinia pseudoacacia +85 +1 +86 +22 108
Gleditsia sinensis +98 —4 +94 +14 108
Toona sinensis +96 -2 +94 +14 108
Ziziphus jujuba +108 0 +108 Reference 108
Pinus tabuliformis +71 +38 +109 —1 108
Temperate species in the United Kingdom (12 locations)

Group 1?2 -8 +122 +114 +132 246
Group 2 +32 +104 +136 +110 246
Group 3 +24 +139 +163 +83 246
Group 4 +40 +161 +201 +45 246
Group 5 —-30 +276 +246 Reference 246

aSee Supplementary Table 1 for detailed location information. Forcing gains by species go to phenological shifts (+ for advanced/delayed leaf-out time) and chilling
effects due to warming-induced variations in forcing requirements (+ for increased/decreased forcing requirements due to insufficient chilling). Forcing gains between
species are the forcing gains occurring between subject and reference species and can be positive or negative depending on phenological differences between species.
Total forcing gains in spring (>0) represent changes in cumulative forcing temperatures due to warming for the compared species. Within each climate region, species
are listed by increasing forcing requirements from early to late spring phenology.

bSee Supplementary Table 2 for species included in each group.
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To evaluate species responses to warming without chilling restriction (chilling
effects = 0), chilling requirements are assumed to be fully met prior to accumulation
of spring forcing temperatures by January 1 (see “Materials and Methods”).
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