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Abstract  Understanding what environmental factors are 
genetically linked to a phenological event is critical for pre-
dicting responses to climate change. Photosynthetic phenol-
ogy often varies among a species of evergreen conifers due 
to local adaptation. However, few empirical studies have 
revealed relevant relationships between climatic factors in 
provenance environments and photosynthetic phenology. 
This study evaluated the effects of environmental condi-
tions of the growing site and seed source provenance on the 
seasonal changes in maximal photochemical quantum yield 
of photosystem II (Fv/Fm) in a common garden experiment 
with 2-year-old seedlings of Sakhalin fir (Abies sachalinen-
sis), a representative species with local adaptation, from four 
seed source provenances. A logistic model was constructed 
to explain the seasonal variation of Fv/Fm from July to 

October and the relationships between the estimated model 
parameters and representative factors featuring provenance 
environments were evaluated. The landscape gradient of the 
detected model parameters responsible for the provenance 
environments was visualized in a map of the distribution 
area. The lowest temperature was the most plausible factor 
in the growing environment to explain the seasonal changes 
of Fv/Fm. Among the representative meteorological factors 
of provenance environments, the lowest temperatures in July 
showed significant relationships with two model parameters, 
explaining the lower limit of Fv/Fm and the higher sensitiv-
ity of autumn Fv/Fm decline. The estimated spatial maps of 
model parameters consistently showed that the higher the 
lowest temperature in July in the provenance environment, 
the lower the Fv/Fm in October and the greater the decrease 
in the autumn Fv/Fm decline. Therefore, the lowest summer 
temperature could be associated with the local adaptation 
of autumn photosynthetic phenology in A. sachalinensis.

Keywords  Phenology · Local adaptation · Genetic cline · 
Lowest temperature

Introduction

The phenology, or seasonal specific phases in life history 
can be under natural selection (Forrest and Miller-Rushing 
2010). The patterns of phenotypic responses to environmen-
tal stimuli are genetically governed, which is known as the 
reaction norm (West-Eberhard 2003). For tree, the phenol-
ogy as an evolutionally developed pattern of phenotypic 
responses is critical since they survive in the environment 
where multiple conditions change in synchrony even with 
occasional noise. It has been often recognized as properly 
governing the initial phases and end of the maturation period 
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of a phenotypic trait (Fréchette et al. 2020; Casmey et al. 
2022) when climatic conditions drastically change. Under-
standing the effects of seasonal climatic factors on pheno-
types and the consequences of genetic variations in pheno-
types will aid in predicting tree responses to climate change 
(Aitken and Whitlock 2013; Franks et al. 2014).

In evergreen conifers, photosynthetic activity often 
declines in the autumn (Sakai 1983; Öquist and Huner 
2003). At low temperatures, the generation rate of NADP in 
photochemical reactions often exceeds the carbon fixation 
rate, resulting in the accumulation of excess light energy that 
can be lethal to cells and the entire plant (Chang et al. 2021). 
Photoinhibition caused by different temperature-dependent 
photosynthetic systems can be regulated by several physi-
ological mechanisms, such as a reduction in light absorption 
by chlorophyll and nonphotochemical quenching (Ensminger 
et al. 2004; Verhoeven et al. 2009). As an indicator of sea-
sonal photosynthetic decline, the maximal photochemical 
quantum yield of photosystem II (Fv/Fm) is widely used 
because it is easily measured (Fréchette et al. 2020; Chang 
et al. 2021). Declines in Fv/Fm in the autumn correspond to 
seasonal temperature dynamics, especially the lowest tem-
perature (Öquist and Huner 2003).

The autumn decline in Fv/Fm can be regulated not only by 
environmental conditions but also by genetic factors (Fré-
chette et al. 2020). The local environmental factors for the 
tested population could be associated with the intraspecific 

variation (Aitken and Adams 1996), indicating that relevant 
climatic factors might be responsible for the differentiation 
of phenotypes. For example, the photosynthetic activity of 
seedlings of boreal evergreen conifers originating from a 
northern provenance declines earlier than in seedlings origi-
nating from a southern provenance (Fréchette et al. 2020; 
Noordermeer et al. 2021). As several studies proposed (Ait-
ken and Adams 1996; Öquist and Huner 2003; Fréchette 
et al. 2020), the lowest temperature in winter and/or sum-
mer provenance environments would be a candidate factor 
associated with genetic variation in the photosynthetic phe-
nology. However, a genetic cline along with original prov-
enances has been associated with an index that integrates 
multiple climatic factors (Csilléry et al. 2020). Although 
it is critical to determine the climatic factors that are spati-
otemporally associated with genetic variation (Ishizuka et al. 
2021), few empirical studies have been done so far.

Sakhalin fir (Abies sachalinensis), an evergreen conifer 
species, is distributed throughout the northernmost large 
island of Japan, Hokkaido, where gradients of various 
environmental conditions are present at a landscape scale 
(Fig. 1, Fig. S1). In this species, intraspecific variation has 
been widely reported for traits such as home-advantage tree 
growth, frost tolerance of winter buds, and disease resist-
ance, which are considered as the consequence of local adap-
tation to winter conditions (Sakai 1983; Eiga 1984; Tsuy-
ama et al. 2020; Ishizuka et al. 2021). Therefore, Sakhalin 

Fig. 1   Temperature and day-
light hours at the experimental 
site (a, b) and local environ-
ment of original provenance 
regions (c, d). a Daily highest 
(light grey dotted), average 
(grey straight) and lowest 
temperatures (black dotted). c, d 
Variation in average environ-
mental conditions in provenance 
regions of three mother trees: 
north (black dot), south (grey 
square), northeastern (white 
diamond), and eastern edge 
(white triangle)
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fir is suitable for evaluating intraspecific variation along a 
landscape gradient in the local environment (Kitamura et al. 
2020; Ishizuka et al. 2021).

This study aimed to address which climatic factors in 
provenance environments affect seasonal photosynthetic 
changes in evergreen conifers. We assumed that the earlier 
the winter lowest temperature occurs in the provenance 
environment, the faster that the photosynthetic phenology 
advances, resulting in genetic variation in autumn decline 
of Fv/Fm. To verify this hypothesis, we (1) explored which 
growing conditions regulate the autumn decline of Fv/Fm, 
(2) assessed the association of representative factors in the 
provenance environments with the autumn photosynthetic 
dynamics using a logistic model of the photosynthetic phe-
nology (Gonsamo et al. 2012), and (3) visualized a land-
scape gradient of the detected model parameters responsible 
for the provenance environments in a map of the distribution 
area. In relation to the geographical gradient in the autumn 
photosynthetic decline, we discuss forest management 
of Sakhalin fir seedlings under regional-specific climate 
change.

Materials and methods

Experimental design

In a common garden trial in the nursery of the Sapporo 
Experimental Forest of Hokkaido University (43.068° N, 
141.338° E), we planted seedlings of Sakhalin fir from four 
seed source provenances that had been grown from seeds 
for 2 years at the nursery of Forestry Research Institute, 
Hokkaido Research Organization in central Hokkaido 
(43.290° N, 141.855° E). Open-pollinated seeds were col-
lected from 12 mother trees in several blocks of a seed 
orchard (42.448° N, 142.477° E) where block separation 
was introduced along with the seed zoning of Hokkaido. We 
had four seed source provenances: north region (N), south 
region (S), northeastern region (NE) and eastern edge region 
(EE) (Table S1, Fig. S1). In the common garden trial, we 
selected four seedlings per mother tree to represent a fam-
ily line. Therefore, we used 48 seedlings (4 seedlings × 3 
mothers × 4 seed source provenances). In early May 2018 
before the buds burst, the seedlings were transplanted into 
4-L pots containing a 1:1 volume ratio of Kanuma soil 
(i.e., pumiceous soil) and Akadama soil (i.e., claylike red 
soil) to which 100 mL of commercial liquid fertilizer was 
applied (HYPONEX, HYPONex Japan Co., Ltd., Osaka, 
Japan; N = 72.4 mg L−1, P = 284 mg L−1, K = 94.2 mg L−1). 
The initial height and root collar diameter of the seedlings 
were then measured using a ruler and electronic caliper. The 
mean height ± standard error for seedlings in each prov-
enance was 17.6 ± 0.23 cm for the N, 15.6 ± 0.44 cm for 

the S, 16.5 ± 1.36 cm for the NE, and 15.0 ± 0.28 cm for 
the EE and the mean collar diameter value ± standard error 
was 4.48 ± 0.15 mm for the N, 4.27 ± 0.17 mm for the S, 
4.56 ± 0.17 mm for the NE, and 4.48 ± 0.22 mm for the EE. 
All pots were tagged for individual identification, and four 
groups of 12 combinations by mother tree and origin (12 
pots per group) were set. In the nursery of the experimental 
site, each group was arranged with at least approximately 
50 cm between them, and pots within a group were ran-
domly arranged. To prevent any drought stress during the 
experiment, the plants were irrigated with tap water every 
1–2 weeks. Meteorological data at the experimental site 
was obtained from the Agro-meteorological grid square 
data (https://​amu.​rd.​naro.​go.​jp/) where the spatial resolu-
tion of grid cells was set as approximately 1 km × 1 km. The 
environmental conditions of the experimental site and prov-
enance regions are summarized in Fig. 1.

Chlorophyll fluorescence

On 23 July, 22 August, and 18 October 2018, all 48 seed-
lings were acclimated in the dark for 3–4 h after sunset 
(18:00), then a current-year, green needle was collected 
from the second branch of the stem, and a fixed distance 
was set between each needle and the light source of a port-
able chlorophyll fluorometer system (JUNIOR-PAM, Walz, 
Effeltrich, Germany using a leaf clip. The blue LED light 
source in the system (maximum emission of 450 nm) was 
used to measure the minimum fluorescence yield (F0). Then 
the maximum fluorescence yield (Fm) was measured using 
a saturating pulse light (> 5000 μmol m−2 s−1 for 0.7 s). The 
maximal photochemical quantum yield of PSII (Fv/Fm) was 
calculated as (Fm − F0)/Fm (Genty et al. 1989).

Modeling Fv/Fm in the growing conditions

To estimate the autumn decline of Fv/Fm, we explored the 
environmental factors that regulated the seasonal photosyn-
thetic changes in the seedlings. The reaction norm is deter-
mined by genetic variation based on the basic relationship 
between phenotypes and effects of the environment (West-
Eberhard 2003). Because the phenotypes should sequen-
tially respond to the environment at variable time scales, 
the seasonal photosynthetic decline gradually proceeds in 
response to stimuli from a few days to a few weeks (Öquist 
and Huner 2003). Based on that concept, we evaluated the 
relationship between seasonal Fv/Fm changes and the fac-
tors in the growth environment with a reasonable period of 
environmental stimulation. For this process, we tested for a 
correlation between the seasonal Fv/Fm variation and tem-
perature factors or daylight hour averaged on different days 
after each measurement date (Fig. S2). The factors tempera-
ture and daylight hour were highly relevant to the seasonal 

https://amu.rd.naro.go.jp/
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photosynthetic decline (Öquist and Huner 2003; Noorder-
meer et al. 2021) although the seasonal light dynamics indi-
rectly regulated photosynthetic decline in autumn. In fact, 
reduced sink capacity and growth cessation can be directly 
linked to seasonal photosynthetic decline (Noordermeer 
et al. 2021). Since previous studies have evaluated the effects 
of photoperiod on photosynthetic phenology in the manip-
ulated conditions without clouds or shadows (e.g., Busch 
et al. 2007; Noordermeer et al. 2021), the daylight hour was 
adopted in this study as an alternative to photoperiod.

We then established the model response to the environ-
mental factor with a logistic function. Since Fv/Fm saturates 
at a constant value and does not continue to change mono-
tonically, it is appropriate to describe its seasonal variation 
for this phenotype using a nonlinear model. By utilizing the 
selected environmental factors, the Fv/Fm data for each seed-
ling was described by the following logistic function with 
four model parameters of α1, α2, δ, and β (Gonsamo et al. 
2012; Fréchette et al. 2020):

where y(e) is the measured value at a given environmental 
condition e, α1 is the lower limit value during measurement 
periods, α2 is the averaged value in summer steady state, δ 
is the autumn decline normalized slope coefficient and β is 
the midpoint in the environmental condition of the autumn 
decline.

Clustering of provenance environments

To select the representative factors explaining the seed 
source provenance conditions of Sakhalin fir, the meteoro-
logical data was obtained from the regional Policy Bureau of 
the Ministry of Land, Infrastructure, Transport and Tourism 
of Japan (https://​nlftp.​mlit.​go.​jp). The data set included for 
each month the highest, lowest, and average temperature; 
precipitation total, snowfall maximum, total daylight hours, 
and average of the daily total solar radiation, estimated 
and calculated from observed values for each 1-km mesh 
for the past 30 years by the Japan Meteorological Agency 
(http://​www.​jmbsc.​or.​jp). The data set was used for a prin-
cipal component analysis (PCA). Since the values for the 
different environmental factors have different units, stand-
ardization was needed to use them in the analysis. All fac-
tors were classified into clusters based on the variability of 
the principal component loadings, and the k-means method 
was employed for a nonhierarchical clustering analysis. The 
most representative factors of the provenance environmental 
conditions were selected based on the rank of both indices, 
i.e., the variable of the PC1 loading and the correlation coef-
ficient value between PC1 and each factor, where the factors 

(1)y(e) = �
1
+

�
2

1 + e−�(e−�)

ranked close in consecutive months were considered to be 
particularly representative of the corresponding season. The 
correlation coefficient was calculated using Pearson’s cor-
relation analysis.

Statistical analyses and geographic visualization

All statistical analyses were performed using R version 
4.2.1 (R Core Team 2022) and Excel ver. 16.61 (Microsoft, 
Redmond, WA, USA). The significance level was set at 5%. 
First, a repeated measures ANOVA was used to test for 
significant differences in the raw values of Fv/Fm between 
provenance regions and seasonal changes, with provenance 
regions, measurement months, and its interaction as fixed 
factors and the individual 48 pots as a random factor with 
repeated measures. However, the main purpose of this study 
was to determine which factors in the provenance environ-
ments are associated with the genetic variation in the param-
eters in the reaction norm for modeling the seasonal changes 
of Fv/Fm. Therefore, a t-test was used to test for effects of 
the selected representative factors in provenance environ-
ments on the parameters of the Fv/Fm model. The relation-
ships between the selected factors in the provenance envi-
ronments and the model parameters were estimated using 
a generalized linear model. The landscape maps of model 
parameters were projected based on the meteorological data 
of spatial grid cells through the distribution area (latitude: 
41.30°–45.50°, longitude: 139.30°–145.90°). The meteoro-
logical data were obtained from the Agro-meteorological 
grid square data, constructed by the Japan Meteorological 
Agency (http://​www.​jmbsc.​or.​jp). The estimated parameters 
in the projected map were extracted from the environmen-
tal range of the four provenances and the growing environ-
ments of this experiment during the measurements. QGIS 
ver.3.4 (QGIS Development Team 2018) was used for the 
projection.

Results

Variation of Fv/Fm among provenances and seasons 
and their correlations with climatic factors 
at the nursery

The significant decline of Fv/Fm was observed in October 
(Fig. 2) as demonstrated by repeated measures ANOVA 
(P < 0.001) although no differences were detected among 
provenance regions (Table S3). Correlation analyses showed 
higher correlation coefficients for temperature parameters 
than for the daylight hour (Fig. 2). Among the temperature 
parameters, the average values for 3 days consistently had 
relatively high coefficients. Particularly for the lowest tem-
perature, correlation coefficients remained high (r > 0.84) 

https://nlftp.mlit.go.jp
http://www.jmbsc.or.jp
http://www.jmbsc.or.jp
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until the end of the month compared to other temperature 
parameters. In this study, therefore, the lowest temperature 
averaged for 3 days was considered as the candidate cue 
regulating the autumn photosynthetic decline.

Clustering provenance environments

The PCA results showed that 85.1% of the total profile rep-
resented by PC1 and PC2 (Fig. 3, PC1: 65.7%, PC2: 19.4%) 
where the differences of the four provenance regions were 
clearly distinguished (Fig. 3). All meteorological factors 
were classified in two clusters. In cluster 1, mostly com-
posed of the factors of positive PC1 loading, the highest 
coefficients and PC1 loadings were found for the highest 
temperatures from November to January. In cluster 2, com-
posed of the factors of negative PC1 loading, relatively 
lower PC1 loadings were widely found for several factors, 
and these values did not vary. On the other hand, variations 
in the low correlation coefficients showed a clear difference 
between meteorological factors, and the coefficients were 
lowest for the lowest temperature from June to July. Based 
on these results, the highest temperature in November for 
cluster 1 and the lowest temperature in July for cluster 2 
were selected as the representative factors in seed source 
provenance conditions.

Landscape gradient of reaction norms

Significant relationships were recognized between the lowest 
temperature of July in provenance environments and several 
model parameters (Table 1, P < 0.05). A negative relation-
ship with α1 and a positive relationship with δ suggested 
that the higher the lowest temperature in the provenance 
environments, the lower the lower limit value during autumn 
and the earlier the autumn photosynthetic decline. Based on 
the established models, the landscape gradient of α1 and δ 
associated with provenance environments were visualized 
(Fig. 4). On the other hand, there was no significant relation-
ship with the highest temperature of November.

Seasonal variation in Fv/Fm in relation to the seed 
source provenance climatic factors

The environmental range for extracting the parameters in 
the projected map was constructed using 339 points in the 
climatic mesh map. The decline in α1 and the lowest tem-
perature in growing environments was associated with the 
lowest temperature in the seed source provenance environ-
ments (Fig. 5a). Similarly, the δ variation had a linear gradi-
ent along with the lowest temperature in provenance envi-
ronments (Fig. 5b). These variable patterns demonstrated 
that when the lowest temperature of July decreased by more 
than 1 °C in the provenance environment, α1 increased by 
approximately 10%, and δ decreased by approximately 20%.

Discussion

This study revealed the lowest temperature in July in prov-
enance environments as the responsible factor associated 
with the intraspecific variation in seasonal changes of Fv/Fm 
and the landscape gradient of the key parameters for this 
phenology. In evaluating the plastic responses to seasonal 
conditions in the natural distribution environment, previous 
common garden experiments traditionally are limited by the 
meteorological conditions at the experimental site (Csilléry 
et al. 2020). In the present study, we separately evaluated 
the interaction between the effects of the conditions in both 
the experimental and the provenance environments using 
logistic modeling for the photosynthetic phenology (Gon-
samo et al. 2012). The modeling results are scalable for a 
fine-scale landscape map, uncovering the potential range 
of phenological responses limited by the experimental site. 
This novel framework that can be used to address spatiotem-
poral intraspecific variation (Sang et al. 2021) and predict 
optimal plantation area and seasonal risks as the climate 
changes (Franks et al. 2014; Tsuyama et al. 2020; Casmey 
et al. 2022).

Fig. 2   Seasonal and regional variation in the average maximum 
quantum yield (Fv/Fm) after dark acclimatization for at least 3  h. 
Provenance regions were north region (N), south region (S), north-
eastern region (NE), and eastern edge region (EE). The relevant sta-
tistical results by repeated measures ANOVA were shown in supple-
mental Table 3
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Environmental factor regulating autumn 
photosynthetic decline

The autumn decline of Fv/Fm was associated with the lowest 
temperature at the growth site, consistent with the findings 
of a previous study (Öquist and Huner 2003). The autumn 

photosynthetic decline has been suggested to be a func-
tional phase to protect against photoinhibition in the win-
ter (Adams and Demming-Adams 1995; Öquist and Huner 
2003), and optimal regulation of PSII should contribute to 
the restart of photosynthesis the next season (Öquist and 
Huner 2003). We did not find a clear relationship between 

Fig. 3   a Principal component analysis (PCA) of monthly mete-
orological factors in four provenance regions, i.e., north region (N), 
south region (S), northeastern region (NE), and eastern edge region 

(EE), and b clustering of PC1 loading for each factor and their cor-
relation coefficients with PC1. Abbreviations for all meteorological 
factors are summarized in Supplemental Table 2

Table 1   Coefficients and intercept (SE) in the generalized linear models for estimating the parameters of logistic function as response variables 
from the explanatory variables averaged from the past 30 years

The parameter α1 is the lower limit value during measurement periods, α2 is the averaged value in summer steady state, δ is the autumn decline 
normalized slope coefficient and β is the midpoint in the environmental condition of the autumn decline
*P < 0.05, n.s.: P > 0.05

Parameters for logis-
tic function

Meteorological factors in provenance regions Intercept Slope t-test

α1 Lowest temperature in July 1.158  − 0.265  − 0.056  − 0.021 *
α2 0.783  − 0.064  − 0.003  − 0.005 n.s
δ  − 0.599  − 0.423 0.085  − 0.033 *
β 13.108  − 0.075  − 0.002  − 0.006 n.s
α1 Highest temperature in November 0.34  − 0.064 0.016  − 0.009 n.s
α2 0.731  − 0.015 0.002  − 0.002 n.s
δ 0.627  − 0.102  − 0.022  − 0.015 n.s
β 13.09  − 0.018 0  − 0.002 n.s



193Landscape gradient of autumn photosynthetic decline in Abies sachalinensis seedlings﻿	

1 3

seasonal Fv/Fm variation and daylight hour with averaged 
days (Fig. 1; Fig. S2). Photoperiod alone does not affect the 
seasonal photosynthetic dynamics (Busch et al. 2007). Since 

we did not evaluate the sink capacity or growth cessation, we 
do not know how these factors affected the autumn photo-
synthetic decline in Sakhalin fir. Noordermeer et al. (2021) 

Fig. 4   Landscape gradient of the responsible model parameters for 
describing the seasonal changes of Fv/Fm. The background autumn 
parameter (α1) shown in a and the decline in the normalized slope 

coefficient from summer to autumn (δ) shown in b were estimated 
based on the lowest temperature in July averaged over the past 
30 years

Fig. 5   a Relationship between lowest temperature and variation of 
estimated background autumn parameter (α1) with the lowest temper-
ature in July at the provenances and b variation of estimated decline 
in the normalized slope coefficient (δ) with four ranges of the lowest 
temperature of July in provenances based on the 1-km mesh map of 
Hokkaido, Japan for 21–23 July, 20–22 August, and 16–18 October 

2018. The range of the lowest temperature of July in provenances is 
denoted by the following colors: 12.0 (purple): below –12.25 °C, 12.5 
(blue): 12.25–12.75 °C, 13.0 (green): 12.75–13.25 °C, and 13.5 (yel-
low): 13.25 °C—above. In b, the number of mesh points selected in 
each class is indicated in the white box



194	 T. Sugai et al.

1 3

reported that photoperiod alone did not induce a seasonal 
photosynthetic decline in Douglas-fir (Pseudotsuga men-
ziesii) under simulated conditions. This may partly support 
our results that the longer the averaged days, the lower the 
coefficients of correlation between daylight hour and sea-
sonal Fv/Fm variation (Fig. S2).

Gradient intraspecific variation along with provenance 
conditions

Contrary to our expectation, the lowest temperature in July 
for the seed source provenances was the responsible fac-
tor associated with the intraspecific variation in the autumn 
decline of Fv/Fm. Subdividing the parameters of the nonlin-
ear dynamics enabled us to visualize the landscape gradi-
ent of intraspecific variation. This is the first empirical data 
on the factors associated with the intraspecific variations 
in photosynthetic phenology, consistent with a recent study 
(Fréchette et al. 2020). Autumn photosynthetic activities are 
often maintained in evergreen conifers by specific regulation 
of compounds such as xanthophyll cycle pigments and anti-
oxidant enzymes (Chang et al. 2021), probably for maintain-
ing carbon reduction as long as possible in a differentiated 
niche. These studies indicate the existence of an adaptive 
photosynthetic phenology in evergreen conifers (Fréchette 
et al. 2020; Chang et al. 2021). If the autumn decline of 
Fv/Fm is adaptive, it may be linked to an acclimation phase 
for winter (Adams and Demming-Adams 1995; Öquist and 
Huner 2003). Nevertheless, in Sakhalin fir, a subarctic ever-
green conifer, the summer provenance factor, rather than 
winter, was detected as a more plausible factor associated 
with genetic variation. This gap may be interpreted by the 
provenance variation in the length of carbon gain period. 
It has been proposed that the more unsuitable photosyn-
thetic conditions are, the more carbon gain is compensated 
by prolonged leaf life span (Kikuzawa and Ackerly 1999) 
although the leaf life span of the evergreen conifer itself did 
not show any intraspecific difference (Reich et al. 1996). The 
seasonal changes in the monthly mean temperature of the 
provenances might support this assumption since the higher 
mean temperature in summer, but its relatively quick decline, 
was observed especially in the northern region (Fig. 1) 
where the lowest temperature in July was higher than in 
other regions (Fig. S1). Furthermore, the geographical gradi-
ents of the lowest temperature in July showed a significance 
temperature difference of more than 10 °C at maximum 
on this island. These points partly imply that populations 
with a relatively long period of carbon gain and probably 
a low capacity for carbon gain, might have adapted to local 
environments where growth conditions were less desirable 
especially in the summer. On the other hand, we did not 
measure intraspecific variations in any other parameters such 
as photosynthetic rates, leaf morphology, and leaf life span. 

Therefore, the degree to which genetic differentiation for 
the period of carbon gain is associated with the summer 
provenance factor is unclear. To verify whether the autumn 
decline of Fv/Fm is associated with adaptive photosynthetic 
phenology, further experiments are needed to evaluate the 
seasonal variations of other morphophysiological traits, gas-
exchange capacity, and especially the length of time it can 
function, but not the leaf life span itself (Reich et al. 1996).

Conclusion

This study revealed that the autumn decline of Fv/Fm in 
Sakhalin fir was regulated by the lowest temperature under 
growing conditions, and their phenological pattern was asso-
ciated with the lowest temperature of July in provenance 
conditions. Our results were provided from a novel frame-
work for visualizing a landscape gradient that considers the 
environmental conditions of both the growing site and seed 
source provenance, emphasizing that the lower the low-
est temperature in July at the provenances, the higher the 
Fv/Fm in October and the slower the seasonal photosynthetic 
decline, and vice versa. In Hokkaido, daily minimum tem-
peratures have been increasing over the long term, and the 
extent of its increase was greater for daily minimum temper-
atures than for daily mean temperatures (Sapporo Regional 
Headquarters 2017). In the future, therefore, Sakhalin fir 
seedlings, especially those originating from provenances 
with the lowest temperatures in summer, may not undergo a 
suitable autumn decline of Fv/Fm, which may lead to lower 
tolerance of extreme meteorological events such as sudden 
low temperature in autumn. In order to achieve the healthy 
growth of seedlings not only in nurseries but also in trans-
plant fields during climate change and extreme weather con-
ditions, it would be critical for forest managers to choose the 
best combination of seed source provenance and planting 
areas for the environmental changes expected in each region 
(Tsuyama et al. 2020; Sang et al. 2021; Casmey et al. 2022).
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