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Fig. S1. Satellite observations reveal consistent advances in the onset of senescence (EOS10) across northern forests in
response to enhanced pre-solstice vegetation activity (same as Fig. 2 but using LPJ model-derived net day-time productivity
[Anetqy] as predictor variable). a, Map showing the standardized effects of pre-solstice (March 20 to solstice) productivity (Anetqay)
on EOSy, timing at 0.25° resolution from linear models, including pre-solstice Anety,, and post-solstice (solstice to mean senescence)
Anetyqy as predictor variables. Red pixels indicate an earlier EOS1, under enhanced pre-solstice Anetqay, blue pixels indicate a delayed
EQOSyo. b, Effect size means and 95% confidence ranges summarized for each degree latitude (pre-solstice effects in red, post-solstice
effects in blue). ¢, The distribution of the pre-solstice and post-solstice Anetqa, effects across all pixels. Mean pre- and post-solstice
Anety,y effect sizes and the percentage of pixels with an advancing pre-solstice Anetqay effect or delaying post-solstice Anetq,y effect
shown as red and blue text, respectively (percentage of significant pixels at P < 0.05 in brackets). d, Two-dimensional density plot of
pre- and post-solstice Anetq,y effects. e, Barplot summarizing the effect direction across all analysed pixels. Grey scale indicates
significance levels of pre-solstice Anetq,, effects. f, The effects of pre-solstice and post-solstice Anetqay, pre-solstice (March 20 to
solstice) and post-solstice precipitation (prcp), and atmospheric CO». g, Relationship between monthly Anets,y and EOS;, dates.
Percentages reflect the total positive and negative areas under the curve, i.e., the relative negative versus positive effects of seasonal
Anetgqy. h, The univariate effects of one-month-long Anety,, intervals around the summer solstice (May 13 to June 11, May 23 to June
21, June 2 to July 1, June 12 to July 11, June 22 to July 21, and July 2 to July 31; see inset). Analyses in f-h show effect size means
and 95% confidence ranges from pixel-level linear models with both predictor and dependent variables standardized. i-j, Mean effects
(+95% confidence ranges) of pre-solstice Anetqay and year on EOS1oanomalies from mixed effects models where pixels are treated as
grouping variables of random intercepts. i, Partial effect of pre-solstice Anets,, on EOS+, anomalies, including both pre-solstice Anetqay
and year as fixed effects. j, Temporal trend in EOS;, anomalies with year as single fixed effect. k, Partial effect of year on EOS,
anomalies, where both pre-solstice Anetq,, and year are treated as fixed effects.
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Fig. S2. The seasonal effects of net daytime photosynthesis (Anets.,y; LPJ model) on inter-annual variations in mid-
senescence (EOSs, dates). a, ¢, Maps showing the standardized effects of pre-solstice Anetqay (leaf-out to solstice; a) and post-
solstice Anetgy,y (solstice to mean EOSso, b) on EOSs, timing at 0.25° resolution from linear models, including pre-solstice Anetqay and
post-solstice Anetqsy as predictor variables. Red pixels indicate an earlier EOSso under higher pre-solstice or post-solstice Anetqay,
respectively, blue pixels indicate a delayed EOSso. b, d, Effect size means and 95% confidence ranges summarized for each degree
latitude (pre-solstice effects in red (b), post-solstice effects in blue (d)). e, The distribution of the pre-solstice and post-solstice Anetqay
effects across all pixels. Mean pre- and post-solstice Anetqay effect sizes and the percentage of pixels with a negative pre-solstice
Anetqqy Or positive post-solstice Anetqay effect (percentage of significant pixels at P < 0.05 in brackets) shown as red and blue text,
respectively. f, Two-dimensional density plot of pre- and post-solstice Anetq,y effects. g, Barplot summarizing the effect direction across
all analysed pixels. Grey scale indicates significance levels of pre-solstice Anetqqy effects. h, The effects of pre-solstice and post-



solstice Anetqay, pre-solstice (March 20 to solstice) and post-solstice precipitation, atmospheric CO», and autumn Tgay. i, Relationship
between monthly Anety,y and EOSs, dates. Percentages reflect the total positive and negative areas under the curve, i.e., the relative
advancing versus delaying effects of seasonal Anetqyy. j, The effects of one-month-long Anetqs,y intervals around the summer solstice
(May 13 to June 11, May 23 to June 21, June 2 to July 1, June 12 to July 11, June 22 to July 21, and July 2 to July 31; see inset),
including the respective photosynthesis interval and autumn day-time temperature (Autumn Tqay) as fixed effects. Analyses in h—j show
effect size means and 95% confidence ranges from pixel-level linear models with both predictor and dependent variables standardized.
k—-m, Mean effects (+95% confidence ranges) of pre-solstice Anety,, and year on EOSs, anomalies from mixed effects models where
pixels are treated as grouping variables of random intercepts. k, Partial effect of pre-solstice Anetqay, including both pre-solstice Anetgay
and year as fixed effects. I, Temporal trend in EOSs, anomalies with year as single fixed effect. m, Partial effect of year, where both
pre-solstice Anety,y and year are treated as fixed effects.
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Fig. S3. The seasonal effects of short-wave radiation (SWrad) on inter-annual variation in senescence onset (EOS;, dates)
[same as Fig. 2 but using cumulative SWrad as predictor variable]. a, Map showing the standardized effects of pre-solstice (March
20 to solstice) SWrad on EOS;, timing at 0.25° resolution from linear models, including pre-solstice SWrad and post-solstice (solstice
to mean senescence) SWrad as predictor variables. Red pixels indicate an earlier EOSy, under enhanced pre-solstice SWrad, blue
pixels indicate a delayed EOS1o. b, Effect size means and 95% confidence ranges summarized for each degree latitude (pre-solstice
effects in red, post-solstice effects in blue). ¢, The distribution of the pre-solstice and post-solstice SWrad effects across all pixels.
Mean pre- and post-solstice SWrad effect sizes and the percentage of pixels with a negative pre-solstice SWrad or positive post-
solstice SWrad effect (percentage of significant pixels at P < 0.05 in brackets) shown as red and blue text, respectively. d, Two-
dimensional density plot of pre- and post-solstice SWrad effects. e, Barplot summarizing the effect direction across all analysed pixels.
Grey scale indicates significance levels of pre-solstice SWrad effects. f, The effects of pre-solstice and post-solstice SWrad and
precipitation and atmospheric CO.. g, Relationship between monthly SWrad and EOS;, dates. Percentages reflect the total positive
and negative areas under the curve, i.e., the relative advancing versus delaying effects of seasonal SWrad. h, The univariate effects
of one-month-long SWrad intervals around the summer solstice (May 13 to June 11, May 23 to June 21, June 2 to July 1, June 12 to
July 11, June 22 to July 21, and July 2 to July 31; see inset). Analyses in f-h show effect size means and 95% confidence ranges from
pixel-level linear models with both predictor and dependent variables standardized. i-k, Mean effects (+95% confidence ranges) of pre-
solstice SWrad and year on EOS1, anomalies from mixed effects models where pixels are treated as grouping variables of random
intercepts. i, Partial effect of pre-solstice SWrad, including both pre-solstice SWrad and year as fixed effects. j, Temporal trend in
EOS;, anomalies with year as single fixed effect. k, Partial effect of year, where both pre-solstice SWrad and year are treated as fixed
effects.
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Fig. S4. The seasonal effects of cumulative SWrad on inter-annual variation in mid-senescence (EOS;, dates). a, ¢, Maps
showing the standardized effects of pre-solstice SWrad (March 20 to solstice; a) and post-solstice SWrad (solstice to mean EOSs; b)
on EOSs timing at 0.25° resolution from linear models, including pre-solstice SWrad and post-solstice SWrad as predictor variables.
Red pixels indicate an earlier EOSso under higher pre-solstice or post-solstice SWrad, respectively, blue pixels indicate a delayed
EQOSso. b, d, Effect size means and 95% confidence ranges summarized for each degree latitude (pre-solstice effects in red (b), post-
solstice effects in blue (d)). e, The distribution of the pre-solstice and post-solstice SWrad effects across all pixels. Mean pre- and post-
solstice SWrad effect sizes and the percentage of pixels with a negative pre-solstice SWrad or positive post-solstice SWrad effect
(percentage of significant pixels at P < 0.05 in brackets) shown as red and blue text, respectively. f, Two-dimensional density plot of
pre- and post-solstice SWrad effects. g, Barplot summarizing the effect direction across all analysed pixels. Grey scale indicates
significance levels of pre-solstice SWrad effects. h, The effects of pre-solstice and post-solstice SWrad and precipitation, atmospheric
CO., and autumn day-time temperature (Tqay). i, Relationship between monthly SWrad and EOSs, dates. Percentages reflect the total
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positive and negative areas under the curve, i.e., the relative advancing versus delaying effects of seasonal SWrad. j, The effects of
one-month-long SWrad intervals around the summer solstice (May 13 to June 11, May 23 to June 21, June 2 to July 1, June 12 to July
11, June 22 to July 21, and July 2 to July 31; see inset), including the respective SWrad interval and autumn day-time temperature
(Autumn Tqqy) as fixed effects. Analyses in h—j show effect size means and 95% confidence ranges from pixel-level linear models with
both predictor and dependent variables standardized. k—-m, Mean effects (+95% confidence ranges) of pre-solstice SWrad and year
on EOSs, anomalies from mixed effects models where pixels are treated as grouping variables of random intercepts. k, Partial effect
of pre-solstice SWrad, including both pre-solstice SWrad and year as fixed effects. I, Temporal trend in EOSs, anomalies with year as
single fixed effect. m, Partial effect of year, where both pre-solstice SWrad and year are treated as fixed effects.
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Fig. S5. The seasonal effects of photosynthesis on inter-annual variation in mid-senescence (EOSs, dates) from European
long-term observations (PEP725 data; same as Fig. 3 but using the P model23 to estimate daily photosynthesis). a, Effects of
monthly (March to October) photosynthesis on autumn senescence dates. Percentages reflect the total positive and negative areas
under the curve, i.e., the relative advancing versus delaying effects of seasonal photosynthesis. b, Species-level results. ¢, Moving
window analysis, showing the effects of May (leaf-out to 31 May), June, July, and August/September (1 August to 30 September)
photosynthesis for each 20-year time period from 1966 to 2015. d, The effects of one-month-long photosynthesis intervals around the
summer solstice (May 13 to June 11, May 23 to June 21, June 2 to July 1, June 12 to July 11, June 22 to July 21, and July 2 to July
31; see inset), including the respective photosynthesis interval and autumn night-time temperature (Autumn Tngn) as fixed effects. e,
The effects of cumulative photosynthesis from leaf-out to May 22 (Out-May), leaf-out to solstice (Out-Sol), leaf-out to July 21 (Out—
Jul), leaf-out to August 20 (Out-Aug), leaf-out to mean senescence (Out-Off), May 22 to mean senescence (May-Off), solstice to
mean senescence (Sol-Off), and July 21 to mean senescence (Jul-Off), including the respective photosynthesis interval as single fixed
effect. f, Moving-window analysis, showing the ‘reversal’ dates when the photosynthesis effect switches from negative to positive for
each 20-year time period from 1966 to 2015 (based on monthly correlations, see panels a-c). On average, the reversal date advanced
by 0.8 days per year. g-i, The effects of pre-solstice (leaf-out to solstice) and post-solstice (solstice to mean senescence)
photosynthesis, pre-solstice (March 20 to solstice) and post-solstice precipitation, atmospheric CO,, and Autumn Tyign. g, Model
predictions in response to mean annual temperature (MAT) anomalies (black dashed line: observed trend; black solid line: full model
prediction; red line: model prediction including only pre-solstice photosynthesis and precipitation and CO, as predictors; blue line:
model prediction including only post-solstice photosynthesis and precipitation, CO., and Autumn Trgn). h, Standardised effects. i, 20-
year moving-window analysis of the effects (colours as in panel h). Analyses show effect size means + 2 s.e. from linear mixed models,
including time series and species (a,c—i) or only time series (b,f) as random effects, with both predictor and dependent variables
standardized.
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Fig. S6. The seasonal effects of temperature on inter-annual variation in mid-senescence (EOSs, dates) from European long-
term observations (PEP725 data; same as Fig. 3 but using day-time temperature [Tq.y] as predictor variable). a, Effects of
monthly (January to October) day-time temperature on autumn senescence dates. Percentages reflect the total positive and negative
areas under the curve, i.e., the relative advancing versus delaying effects of temperature. b, Species-level results. ¢, Moving window
analysis, showing the effects of monthly (April to September) temperature for each 20-year time period from 1966 to 2015. d, The
effects of one-month-long temperature intervals around the summer solstice (May 13 to June 11, May 23 to June 21, June 2 to July 1,
June 12 to July 11, June 22 to July 21, and July 2 to July 31; see inset), including the respective temperature interval and autumn
night-time temperature (Autumn Tnhgm) as fixed effects. e, The effects of mean temperature from March 20 to May 22 (March-May),
March 20 to solstice (March—Sol), March 20 to July 21 (March—-Jul), March 20 to August 20 (March—-Aug), March 20 to mean
senescence (March-Off), May 22 to mean senescence (May-Off), solstice to mean senescence (Sol-Off), and July 21 to mean
senescence (Jul-Off), including the respective temperature interval as single fixed effect. f, Moving-window analysis, showing the
‘reversal’ dates when the air temperature effect switches from negative to positive for each 20-year time period from 1966 to 2015
(based on monthly correlations, see panels a-c). On average, the reversal date advanced by 0.7 days per year. g—i, Effects of pre-
solstice (Tqay pre; March 20 to solstice) and post-solstice temperature (Tqay post; solstice to mean senescence), pre-solstice and post-
solstice precipitation (Prcp pre/post), atmospheric CO2, and Autumn Tugw. @, Model predictions in response to mean annual
temperature (MAT) anomalies (black dashed line: observed trend; black solid line: full model prediction; red line: model prediction
including only pre-solstice temperature and precipitation and CO. as predictors; blue line: model prediction including only post-solstice
temperature and precipitation, CO, and Autumn Tugy). h, Standardised effects. i, 20-year moving-window analysis of the effects
(colours as in panel h). Analyses show effect size means + 2 s.e. from linear mixed models, including time series and species (a,c—i)
or only time series (b,f) as random effects, with both predictor and dependent variables standardized.
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Fig. S7. The seasonal effects of radiation on inter-annual variation in mid-senescence (EOSs, dates) from European long-term
observations (PEP725 data; same as Fig. 3 but using cumulative short-wave radiation [SWrad] as predictor variable). a, Effects
of monthly (March to October) SWrad values on autumn senescence dates. Percentages reflect the total positive and negative areas
under the curve, i.e., the relative advancing versus delaying effects of SWrad. b, Species-level results. ¢, Moving-window analysis,
showing the effects monthly (April to September) SWrad for each 20-year time period from 1966 to 2015. d, Effects of one-month-long
SWrad intervals around the summer solstice (May 13 to June 11, May 23 to June 21, June 2 to July 1, June 12 to July 11, June 22 to
July 21, and July 2 to July 31; see inset), including the respective SWrad interval and autumn night-time temperature (Autumn Trign)
as fixed effects. e, Effects of cumulative SWrad from March 20 to May 22 (Mar—May), March 20 to solstice (Mar—Sol), March 20 to July
21 (Mar—Jul), March 20 to August 20 (Mar—Aug), March 20 to mean senescence (Mar—Off), May 22 to mean senescence (May—Off),
solstice to mean senescence (Sol-Off), and July 21 to mean senescence (Jul-Off), including the respective SWrad interval as single
fixed effect. f, Moving-window analysis, showing the ‘reversal’ dates when the SWrad effect switches from negative to positive for each
20-year time period from 1966 to 2015 (based on monthly correlations, see panels a—c). On average, the reversal date advanced by
1 day per year. g-i, Effects of pre-solstice (leaf-out to solstice) and post-solstice (solstice to mean senescence) SWrad, pre-solstice
(March 20 to solstice) and post-solstice precipitation, atmospheric CO,, and Autumn Tyign. 9, Model predictions in response to mean
annual temperature (MAT) anomalies (black dashed line: observed trend; black solid line: full model prediction; red line: model
prediction including only pre-solstice SWrad and precipitation and CO; as predictors; blue line: model prediction including only post-
solstice SWrad and precipitation, CO2, and Autumn Trgn). h, Standardised effects. i, 20-year moving-window analysis of the effects
(colours as in panel h). Analyses show effect size means + 2 s.e. from linear mixed models, including time series and species (a,c—i)
or only time series (b,f) as random effects, with both predictor and dependent variables standardized.
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Fig. S8. Temporal relationships among pre-solstice carbon uptake (Anetq,y) or climate, year and phenological dates using the
local PEP725 observations. a, b, Temporal changes in SOS (a) and EOSs, anomalies (b) as inferred from a univariate mixed effects
model, including year as fixed effect and time series and species as grouping variables of random intercepts. On average, SOS
advanced by 2.03 + 0.02 days per decade (mean + 2 standard errors), EOSs, delayed by 0.35 + 0.02 days per decade. ¢, d, Partial
effects of pre-solstice Anetqqy (¢) and year (d) on EOSs, dates, where both pre-solstice Anetqsy and year are treated as fixed effects,
and time series and species are treated as grouping variables of random intercepts. Pre-solstice Anety,y was simulated using the LPJ-
GUESS model. Each 100 g m2 increase in pre-season carbon uptake results in 1.7 + 0.02 days earlier EOSso. When controlling for
this negative effect of pre-solstice Anetqay, the effect of year on EOSs, dates increased by 2.3 times to an average delay in EOSs, of
0.81 + 0.03 days per decade. e—j, Same as panels ¢ and d but including pre-solstice (March 20 to June 21) day-time temperature Tgay
(e,f), pre-solstice short-wave radiation (g,h), or SOS dates (i,j) instead of pre-solstice photosynthesis as fixed effect in addition to year.
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Fig. S9. Spatial relationships among pre-solstice carbon uptake (Anet4y), September temperature (Tauwmn) and EOSs, dates
using the local PEP725 observations. a, b, Spatial changes in EOSs, anomalies in response to pre-solstice Anetqay (@) and Tauumn
(b) as inferred from a univariate mixed effects model, including year and species as grouping variables of random intercepts. On
average, EOSsy dates advance by 0.3 + 0.04 (mean =+ 2 standard errors) days per each 100 g m2 increase in pre-season carbon
uptake and delay by 0.85 + 0.03 days per each °C increase in Tauumn. €, d, Partial effects of pre-solstice Anetqay (€) and Tauwumn (d) ON
EOSs, dates, where both pre-solstice photosynthesis and Tauwmn are treated as fixed effects, and year and species are treated as
grouping variables of random intercepts. Pre-solstice photosynthesis was simulated using the LPJ-GUESS model. Each 100 g m2
increase in pre-season carbon uptake results in 1.17 + 0.05 days earlier EOSso. When controlling for this negative effect of pre-solstice
photosynthesis, the effect of Tauumn 0N EOSso dates increases by 1.7 times to an average delay in senescence of 1.40 + 0.04 days per
each °C increase in Tauumn. €—j, Same as panels ¢ and d but including pre-solstice (March 20 to June 21) day-time temperature Tgay
(e,f), pre-solstice short-wave radiation (g,h), or SOS dates (i,j) instead of pre-solstice Anetq,y as fixed effect in addition to Tauumn.
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Fig. S10. Same as Fig. 3¢, f, i but using 15-year moving window analyses covering the period 1980-
2015. a, The standardized effects of May (leaf-out to 31 May), June, July, and August/September (1 August
to 30 September) photosynthesis. b, The ‘reversal’ dates when the photosynthesis effect switches from
negative to positive for each 20-year time period from 1966 to 2015 (based on monthly correlations, see
panels a—c in Fig. 2). On average, the reversal date advanced by 0.6 days per year. ¢, The effects of pre-
solstice (leaf-out to solstice) and post-solstice (solstice to mean senescence) photosynthesis, pre-solstice
(March 20 to solstice) and post-solstice precipitation, atmospheric CO», and autumn night-time temperature
(Autumn Trignt). All analyses are based on linear mixed models, including time series and species as random
effects.
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Fig. S11. The effects of pre- and post-solstice temperature, radiation, water availability and spring
leaf-out dates on inter-annual variation in the timing of EOS+, (a) and EOSs, (b, ¢) [same as Fig. 4 but
using soil moisture instead of precipitation to represent water availability]. We ran linear models
including mean day-time temperature (Tqay), short-wave radiation (SWrad) and soil moisture (moist) from
March 20 to June 21 (pre-solstice) and from June 22 to the mean EOS date of each time series (post-
solstice) as well as spring leaf-out dates as predictor variables. Models were run at the pixel-level (a, b) or
individual-level (c) and the mean effects (+ 95% confidence intervals) are shown. All variables were
standardized to allow for effect size comparison.
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Fig. S12. Autumnal decline in leaf chlorophyll content in response to cooling (a) and shading (b)
during May, June, July or August (Experiment 1). Relative leaf chlorophyll content relative to the
maximum chlorophyll content observed for each tree. The black line represents the control treatment. Error
bars represent means + 95% confidence intervals.
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250 Fig. S14. Autumnal decline in leaf chlorophyll content under high (red) and low (orange) soil
251 nutrients (Experiment 2). Relative leaf chlorophyll content relative to the maximum chlorophyll content
252  observed for each tree. Panels show chlorophyll curves under high, intermediate, low, and no irrigation,
253  respectively. Error bars represent means + 95% confidence intervals.
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Fig. S15. Autumnal decline in leaf chlorophyll content in response to a soil moisture gradient
(Experiment 2). a, b, Total (a) and seasonal (b) variation in soil moisture levels across the four irrigation
treatments. ¢, Relative leaf chlorophyll content relative to the maximum chlorophyll content observed for
each tree. Upper panel shows chlorophyll curves for the high nutrient, lower panel for the low nutrient
treatments. Error bars represent means + 95% confidence intervals.
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262 Fig. S16. Total number of observations in the local PEP725 dataset. a, Map of the PEP725 data sites.
263 b, Total number of observations per year and species. ¢, Sample sizes of the long moving-window analysis
264 (1966 to 2015), showing the yearly number of observations for each 20-year moving window period. d,
265  Sample sizes of the short moving-window analysis (1980 to 2015), showing the yearly number of
266  observations for each 15-year moving window.
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Fig. S17. Photosynthesis response to temperature as implemented in the LPJ photosynthesis
model. The minimum and maximum temperature threshold is 1°C and 45°C, respectively. The temperature
optimum ranges from 18° to 25°C. Following ref48, this response curve reflects the photosynthesis optimum
at latitudes between ~35—60°N.
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Fig. S18. Average climate and elevation of the European PEP725 sites included in each 20-year
moving window. Climate refers to the 1948-2015 means of mean annual temperature, mean annual
precipitation, and short-wave radiation. To test for possible differences in the average climate conditions
between moving windows as a result of variations in the sites included in each window, we first obtained
the mean of the 1948 to 2015 climate for each site, and then calculated the average + standard deviation
for all sites included in each moving-window interval. On average, the 1948 to 2015 mean of the mean
annual temperature of the sites included in each window decreased by only 0.01°C per decade, mean
annual precipitation increased by 4.4 mm/year per decade, short-wave radiation increased by 0.09 W/mz2
per decade, and elevation increased by 3.4 m per decade. These results show that there is no systematic
bias in the average site-level climate conditions among moving windows.



