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Abstract 1 

Amplified climate warming in high latitudes is expected to affect growing season timing of the 2 

vast boreal biome. It is unclear whether the presence of permafrost (perennially frozen ground) 3 

might have an influence on changes in growing season timing. This study examined how 4 

different environmental variables explained, either directly or indirectly, the variation in growing 5 

season timing of boreal forest stands with and without permafrost. We expected that 6 

environmental variables explaining the variation in growing season timing differed or had 7 

different explanatory power depending on permafrost presence or absence. The growing season 8 

was delineated from daily gross primary productivity (GPP) time series derived from 40 site-year 9 

data of net ecosystem carbon dioxide exchange measured with eddy covariance techniques over 10 

five black spruce (Picea mariana [Mill.])-dominated boreal forest stands in North America. In 11 

permafrost-free forest stands, a combination of start in canopy ‘green-up’ in spring and the 12 

timing of air and soil temperature increasing above freezing explained the start-of-season 13 

(SOSGPP). Results from commonality analysis and structural equation modeling suggest that 14 

canopy ‘green-up’ and air temperature directly affected SOSGPP in permafrost-free forest stands. 15 

In addition, soil temperature acted as mediator for an indirect effect of air temperature on 16 

SOSGPP. In contrast, none of the environmental variables, or their combination, explained the 17 

variation in SOSGPP in forest stands with permafrost. The explanatory power of environmental 18 

variables was more consistent regarding the end-of-season (EOSGPP). In both, forest stands with 19 

and without permafrost, EOSGPP was directly explained by mean soil water content in the fall and 20 

the first day of continuous snowpack formation. A better understanding how environmental 21 
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variables control SOSGPP and EOSGPP in forest stands with and without permafrost will help to 22 

refine parameterizations of the boreal biome in Earth system models.  23 

 24 
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1. Introduction 28 

As the largest biome in North America, boreal forests, lakes, and wetlands constitute integral 29 

components of the climate system, affecting atmospheric dynamics and greenhouse gas 30 

concentrations through land surface-atmosphere interactions. Coniferous tree species comprise 31 

between 60 % and 90 % of the boreal forest (Black et al., 2004; Nilsson et al., 2000). In North 32 

America, the most widespread coniferous tree species is black spruce (Picea mariana [Mill.]; 33 

Viereck and Johnston, 1990). About 80 % of the boreal forest is underlain by permafrost (Helbig 34 

et al., 2016), defined as a ground layer at or below 0 °C for at least two years (Harris et al., 35 

1988).  36 

The carbon balance of the boreal biome is strongly influenced by various environmental 37 

variables that control the process of photosynthetic carbon dioxide (CO2) uptake. These controls 38 

include air and soil temperature (Barr et al., 2009; Chen et al., 2006; Krishnan et al., 2008), 39 

water availability (Dunn et al., 2007; Krishnan et al., 2008) and radiation (Barr et al., 2009; 40 

Krishnan et al., 2008). The annual carbon source-sink strength is also influenced by the start and 41 

end of the growing season (Richardson et al., 2013). For example, an extension of the growing 42 
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season caused by higher air temperature leads to enhanced annual photosynthetic CO2 uptake, if 43 

there are no other environmental limitations such as radiation or water and nutrient availability 44 

(Richardson et al., 2010). However, increased spring productivity might be counteracted by 45 

increased ecosystem respiration and water stress later in the growing season (Buermann et al., 46 

2018; Piao et al., 2008). 47 

The growing season can be delineated from daily gross primary productivity (GPP) time 48 

series derived from net ecosystem CO2 exchange (NEE) measurements made with eddy 49 

covariance techniques (Baldocchi and Meyers, 1998). Previous studies have found that higher air 50 

temperature in spring stimulated an earlier start-of-season (SOSGPP) in boreal forests (Suni et al., 51 

2003a; Ueyama et al., 2014). More specifically, Barr et al. (2009) showed that SOSGPP in boreal 52 

forest stands corresponded with spring thaw, i.e., the period characterized by above-freezing air 53 

temperature, soil thaw, and snowmelt, resulting in the availability of liquid water (Ahmed et al., 54 

2021). However, Suni et al. (2003b) showed that soil thaw was not complete until several weeks 55 

after SOSGPP and hence could not be considered as a trigger for photosynthetic recovery. Their 56 

findings suggest that complete soil thaw is not necessary for trees to access liquid water and 57 

initiate photosynthesis in the spring. Similarly, in a Rocky Mountain subalpine forest stand, 58 

Bowling et al. (2018) observed that photosynthesis occurred in early spring while there was no 59 

apparent sap flow, suggesting that water transport from the soil was not initially necessary for 60 

photosynthetic recovery. Suni et al. (2003b) and Bowling et al. (2018) concluded that water 61 

stored in stems over winter was sufficient for photosynthetic recovery with above-freezing air 62 

temperature. Also, in a boreal forest stand in interior Alaska, Parazoo et al. (2018) showed that 63 

soil thaw started before or coincided with SOSGPP. Initiation of snowmelt was also associated 64 
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with SOSGPP, although complete snowpack disappearance was not necessary for photosynthetic 65 

recovery (Arneth et al., 2006; Pulliainen et al., 2017).  66 

The end-of-season (EOSGPP) has received much less attention than SOSGPP, but the 67 

importance of below-freezing air temperature (Barr et al., 2009) and photoperiod (i.e., day 68 

length; Way and Montgomery, 2015) was demonstrated. However, photoperiod is a function of 69 

latitude and time-of-year and as such does not account for the variation EOSGPP observed in 70 

specific locations (Way and Montgomery, 2015). In short, no single environmental variable 71 

directly explains the variation in either SOSGPP or EOSGPP across the boreal forest. Additional 72 

complexity is added through the interplay of environmental variables (Suni et al., 2003b). For 73 

example, temperature affects photosynthetic CO2 uptake in two ways: directly by regulating the 74 

underlying thermodynamic enzyme reactions and indirectly as a control factor for seasonal 75 

vegetation dynamics (Koebsch et al., 2020; Ueyama et al., 2014). Such indirect effects were 76 

previously termed as ‘mediation effects’ (Baron and Kenny, 1986).  77 

Vegetation canopy development and biochemistry (e.g., budburst, senescence, changes in 78 

chlorophyll concentration, even though modest in evergreen taxa, and changes in xanthophyll 79 

cycle carotenoid concentration; e.g., Delpierre et al., 2016; Öquist and Huner, 2003; Ensminger 80 

et al., 2004; Walter-McNeill et al., 2021) follow a seasonal, ‘phenological’, cycle (Richardson et 81 

al., 2013). Phenology can be tracked with spectral vegetation indices indicating canopy 82 

‘greenness’. Examples include the widely used normalized difference vegetation index (NDVI; 83 

Tucker, 1979). However, the evergreen foliage of coniferous taxa such as spruce hampers the use 84 

of NDVI to track subtle phenological changes compared to deciduous broad-leaved and 85 

coniferous taxa (e.g., Jönsson et al., 2010; Wang et al., 2017; Magney et al., 2019). Snow cover 86 
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poses an additional challenge to track phenology in the boreal biome by strongly affecting the 87 

spectral reflectance of the landscape (Jin et al., 2017). Based on thorough theoretical 88 

considerations, the plant phenology index (PPI) was proposed to address these two challenges 89 

(Jin and Eklundh, 2014), thus offering a promising alternative to NDVI to track phenology of 90 

coniferous evergreen boreal forest stands.  91 

Ongoing climate change will affect growing season timing, thus influencing the CO2 sink-92 

source strength of ecosystems. Environmental conditions in the boreal biome are, at least 93 

partially, controlled by the presence of permafrost (e.g., Quinton et al., 2019; Shur and 94 

Jorgenson, 2007). Thus, differences in how environmental variables control variability in SOSGPP 95 

and EOSGPP are to be expected across the boreal biome, even among populations of the same 96 

species (reviewed in Reich, 2014). For example, trees at higher latitudes are exposed to harsher 97 

climate and environmental conditions and therefore might have more resource-conservative life 98 

history strategies, including reduced plasticity, compared to more southerly populations (e.g., 99 

Sniderhan et al., 2018). Hence, high-latitude populations of a given species may be less 100 

responsive to changes in environmental variables compared to their southern counterparts 101 

because the former are more reliant on non-varying cues, such as photoperiod. 102 

Here, we examined how environmental variables, either directly or indirectly, control SOSGPP 103 

and EOSGPP in five black spruce-dominated boreal forest stands. This study was based on 40 site-104 

years of eddy covariance data and supporting measurements, analyzed in a statistical framework 105 

that includes commonality analysis and structural equation modeling (Koebsch et al., 2020). 106 

Distinguishing between permafrost-free forest stands and those where permafrost is present, this 107 
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study aimed to explain the year-to-year variation in growing season timing, i.e., SOSGPP and 108 

EOSGPP, of boreal black spruce forests in North America.  109 

2. Material and methods 110 

2.1 Gross primary productivity 111 

The study sites were five black spruce-dominated forest stands in the boreal biome of North 112 

America. Collectively, these forest stands span a wide range of climate, environmental and 113 

permafrost conditions (Figure 1, Table 1, Supplement S1). The permafrost-free forest stands 114 

included ‘Quebec – Eastern Boreal, Mature Black Spruce’ (CA-Qfo) and ‘Saskatchewan – 115 

Western Boreal, Mature Black Spruce’ (CA-Obs). The forest stands where permafrost is present 116 

were ‘Scotty Creek Landscape’ (CA-SCC), ‘University of Alaska, Fairbanks’ (US-Uaf) and 117 

‘Poker Flat Research Range Black Spruce Forest’ (US-Prr). The understory and ground cover 118 

vegetation at all five forest stands comprises characteristic shrubs (e.g., Rhododendron 119 

groenlandicum, Betula and Salix species) and a mixture of mosses (Sphagnum and feather 120 

mosses, among others) and lichens (notably, Cladina spp.), respectively. 121 

 122 
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Figure 1: Location of the study sites. All sites are black spruce-dominated forest stands and their 

location within the boreal biome and the permafrost zone of North America are depicted. US-

Uaf: ‘University of Alaska, Fairbanks’; Us-Prr: ‘Poker Flat Research Range Black Spruce 

Forest’; CA-SCC: ‘Scotty Creek Landscape’; CA-Obs: ‘Saskatchewan Western Boreal, Mature 

Black Spruce’; CA-Qfo: ‘Quebec – Eastern Boreal, Mature Black Spruce’. North America map: 

U.S. Geological Survey (Commission for Environmental Cooperation, 2011); boreal biome: 

Natural Resources Canada (Brandt, 2009); permafrost zone: National Snow & Ice Data Center 

(Brown et al., 2002).
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Table 1: Study site descriptions. MATa: mean annual air temperature; PPT: annual precipitation; LAI: leaf area index. 123 

Permafrost areal extent is absent (0 %), isolated patches (>0-10 %), sporadic (>10-50 %), discontinuous (>50-90 %), and 124 

continuous (>90-100 %) based on data provided by Gruber (2012). The presence of permafrost at CA-SCC, US-Uaf and US-Prr 125 

was confirmed by site investigators (personal communication). Square brackets in years of observations indicate the years that 126 

were excluded from the analyses, because either the flux, meteorological or spectral vegetation index data were not available. 127 

  128 

Site name 
(AmeriFlux-ID) 

Latitude, 
longitude 

MATa 
(°C) 

PPT 
(mm) 

LAI                            
(m2/m2) 

Permafrost areal 
extent 

Years of 
observations 

Source 

Quebec -Eastern 
Boreal, Mature Black 

Spruce (CA-Qfo)1 

49.49°N, 
74.34°W 

-0.36 962 3.7                        
(mean annual value) 

Absent 2004-2009 
[2009] 

FLUXNET 

Saskatchewan -
Western Boreal, 

Mature Black Spruce 
(CA-Obs)1,2 

53.99°N, 
105.12°W 

0.79 406 3.8                          
(mean annual value) 

Absent 2000-2015 
[2000; 2012] 

Global Institute for 
Water Security 
(University of 

Saskatchewan)* 

Scotty Creek 
Landscape (CA-

SCC)3,4 

61.31°N, 
121.30°W 

-2.8 388 0.61                       
(mid-summer value) 

Sporadic 2014-2018 AmeriFlux 

University of Alaska, 
Fairbanks (US-Uaf)5 

64.87°N, 
147.86°W 

-2.9 263 1.8                       
(mid-summer value) 

Discontinuous 2003-2018 
[2003-2006] 

AmeriFlux 

Poker Flat Research 
Range Black Spruce 

Forest (US-Prr)6,7 

65.12°N, 
147.49°W 

-2.0 275 1.51                      
(maximum annual value) 

Discontinuous 2011-2016 
[2011; 2013] 

AmeriFlux 

1Bergeron et al. (2007), 2Barr et al. (2006), 3Helbig et al. (2017), 4Warren et al. (2018), 5Ueyama et al. (2014), 6Ikawa et al. (2015), 7Kobayashi et al. (2016) 
* The data from CA-Obs are also available in FLUXNET and AmeriFlux, but only until 2010. 



 

Due to data availability, the dataset used in this study was limited to 40 site-year data of daily 129 

NEE-derived GPP and supporting measurements (Supplement S1). Details on eddy covariance 130 

data collection and processing, including gap-filling and flux partitioning of NEE into GPP and 131 

ecosystem respiration, can be found in Barr et al. (2004) for CA-Qfo and CA-Obs, in Reichstein 132 

et al. (2005) and Runkle et al. (2013) for CA-SCC, in Ikawa et al. (2015) and Reichstein et al. 133 

(2005) for US-Prr, and Ueyama et al. (2014) for US-Uaf.  For each site-year, day-of-year (DOY) 134 

representing SOSGPP and EOSGPP was determined by fitting a double-logistic function to the daily 135 

GPP time series (Gonsamo et al, 2013). The first maximum and the last minimum of the third 136 

derivative of the fitted curve were used to define SOSGPP and EOSGPP, respectively (Figure 2a).  137 

 138 

2.2 Environmental variables 139 

The environmental variables included in this study were above-canopy air temperature (Ta), 140 

near-surface soil temperature (Ts), soil water content (SWC), and photosynthetically active 141 

radiation (PAR) measured as photosynthetic photon flux density (Supplement S1). Soil 142 

temperature was consistently measured at a depth of 5 cm, except for US-Uaf where it was 143 

measured at a depth of 10 cm. There was no statistically significant difference in the strength of 144 

the correlations between year-to-year anomalies (∆) in the timing of soil thaw in spring (∆SOSTs) 145 

and SOSGPP (∆SOSGPP) or between the timing of soil freeze in fall (∆EOSTs) and EOSGPP 146 

(∆EOSGPP) due this difference in near-surface Ts measurement depth (Supplement 2). The plant 147 

phenology index (PPI; Jin and Eklundh, 2014) was determined using the Moderate Resolution 148 

Imaging Spectroradiometer (MODIS) MCD43A4 Nadir Bidirectional Reflectance Distribution 149 

Function-Adjusted Reflectance product with 500-m spatial resolution (Appendix A; ORNL 150 

DAAC, 2018; Schaaf and Wang, 2015). Snowpack presence data were obtained from the 151 
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National Oceanic and Atmospheric Administration interactive multi-sensor snow and ice 152 

mapping system with 1-km spatial resolution (U.S. National Ice Center, 2008). 153 

For each site-year, the DOY representing the start-of-season (SOS) and end-of-season (EOS) 154 

was determined for each environmental variable, except for SWC and PAR (Figure 2, Table 2, 155 

Supplement S3). A double-logistic function was fitted to the daily PPI time series (Gonsamo et 156 

al., 2013; Jin et al., 2017; Wu et al., 2017). The first maximum and last minimum of the third 157 

derivative of the fitted curve were used to delineate the start of canopy ‘green-up’ (SOSPPI) and 158 

the end of canopy ‘green-down’ (EOSPPI), respectively (Figure 2b). Inspired by Barr et al. 159 

(2009), the timing of Ta increasing above freezing in spring (SOSTa) and decreasing below 160 

freezing in fall (EOSTa) was delineated when the cumulative Ta reached a minimum in spring 161 

and a maximum in fall (Figure 2c). The timing in Ts indicating soil thaw in spring (SOSTs) and 162 

freezing in fall (EOSTs) was estimated accordingly (Figure 2d). This simple approach ignores 163 

that liquid pore water might be present at Ts < 0 °C due to pore water solutes (Edwards and 164 

Cresser 1992). The start of the snow-free period (SOSSnow) was defined by the first DOY when 165 

the ground was snow-free for 13 days in a 14-day period (Figures 2c and d; Brown and Mote, 166 

2009). Similarly, the end of the snow-free period (EOSSnow) was defined by the first DOY when 167 

the ground was continuously covered by snow for 13 days in a 14-day period (Figures 2c and d). 168 

These definitions were chosen to avoid a premature or delayed start or end of the snow-free 169 

period, as short but temporary snowmelt or snowpack formation events can occur in spring and 170 

fall. For PAR and SWC, early season (March to May; PARMAM and SWCMAM) and late season 171 

averages (July to October; PARJASO  and SWCJASO) were calculated instead of delineating a DOY 172 

representing an arbitrary start or end of the season. The averages of SWC were calculated after 173 
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removing the days when the soil was below 0°C, since the dielectric measurements made with 174 

soil moisture probes respond to ice formation in the soil (Roy et al., 2020). 175 

 

Figure 2: Daily observed and fitted (a) gross primary productivity (GPP) and (b) plant phenology 

index (PPI) at ‘Saskatchewan - Western Boreal, Mature Black Spruce’ (CA-Obs) in 2001, and 
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third derivative of the fitted function (f”’(x)), for which the scale is enhanced for visual clarity (x 

10000). Daily observed and cumulative (c) air temperature (Ta) and (d) soil temperature (Ts) at 

CA-Obs in 2001. SOS: start-of-season; EOS: end-of-season; SOSSnow: start of the snow-free 

period; EOSSnow: end of the snow-free period. 

 

Variable of 

interest 
Biological interpretation Computation 

Start-of-season in 
spring (SOSGPP) 

and end-of-season 
in fall (EOSGPP) 
delineated from 

daily GPP  

Photosynthetic recovery in spring and 
cessation in fall (Gonsamo et al., 2013) 

DOY corresponding to the first maximum (last 
minimum) of the third derivative of a fitted 
double-logistic function fitted to daily GPP 

Controls Mechanisms  

Canopy ‘green-up’ 
in spring (SOSPPI) 
and end of ‘green-

down’ in fall 
(EOSPPI)  

Vegetation canopy ‘greenness’ indicating 
canopy development and biochemistry (Wang 

et al., 2017) 

 
 DOY corresponding to the first maximum (last 

minimum) of the third derivative of a fitted 
double-logistic function of the observed PPI 

Timing of Ta 
increasing above 
freezing in spring 

(SOSTa) and 
decreasing below 

freezing in fall 
(EOSTs) 

Temperature-dependence of chemical 
reactions involved in the Calvin cycle 

(Badeck et al., 2004) 

DOY when the cumulative Ta reaches a 
minimum (maximum) 

Timing of soil 
thaw in spring 

(SOSTs) and freeze 
in fall (EOSTs) 

Soil thaw renders water in the soil available in 
liquid form (Barr et al., 2009) 

DOY when the cumulative Ts reaches a 
minimum (maximum) 

Start (SOSSnow) 
and end (EOSSnow) 
of the snow-free 

period 

Influence on Ts and SWC: snowmelt supplies 
the soil with water in spring and snow cover 

provides an insulation layer in the fall 
(Lawrence and Slater, 2010) 

DOY when the ground is snow-free in spring 
(covered by snow in fall) for 13 days in a 14-

day period 

Early and late 
growing season 

PAR (PARMAM   

and PARJASO) 

Influence on Ta, Ts and on total available 
radiation for photosynthesis (Way and 

Montgomery, 2015) 

Average of PAR from March to May (July to 
October) 
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Early and late 
growing season 

SWC (SWCMAM  

and SWCJASO) 

Soil water availability affects the opening and 
closing of stomata, which in turn affects the 

uptake of CO2 by vegetation (Anderson, 
1936; Reich et al., 2018) 

March to May (July to October), excluding days 
when the soil was below 0°C 

Table 2: Delineation of start-of-season (SOS) and end-of-season (EOS). GPP: gross primary 

productivity; PPI: plant phenology index; Ta: air temperature; Ts: soil temperature; DOY: day-

of-year; PAR: photosynthetically active radiation; SWC: soil water content; MAM: March-April-

May; JASO: July-August-September-October. 

 176 

2.3 Statistical analyses 177 

The statistical analyses were conducted on year-to-year anomalies (∆) in SOSGPP (∆SOSGPP), 178 

EOSGPP (∆EOSGPP) and environmental variables (i.e., deviation from the multi-year mean DOY 179 

or early- and late-season averages). Because the number of site-year data varied among sites, the 180 

anomalies were calculated for each site individually. Using time anomalies rather than DOYs 181 

allowed comparisons among forest stands by centering the data around their multi-year means to 182 

understand the causes of variation in SOSGPP and EOSGPP.  183 

Separate analyses were conducted for the SOS and EOS, and each of these analyses was 184 

conducted separately for sites with and without permafrost. As an exploratory method, pairwise 185 

correlations (Pearson correlation coefficient, r) were calculated between ∆SOSGPP (∆EOSGPP) and 186 

the anomalies of the SOS (EOS) of the environmental variables. Variables that had a significant 187 

correlation with ∆SOSGPP or ∆EOSGPP, either at sites with or without permafrost, were kept for 188 

further statistical analyses. Statistical significance was set at α = 0.05 for all analyses. 189 

Pairwise correlations provide only limited insights into the mechanisms at stake. The multi-190 

faceted interaction between environmental variables needs to be considered. Above all, pairwise 191 

correlation cannot account for third-variable effects such as mediation (i.e., a control variable 192 
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exerts an indirect effect on an outcome variable by influencing a third variable, which in turn 193 

impacts the outcome variable; Alwin and Hauser, 1975). Here, we used commonality analysis to 194 

gain insights on possible mediation effects. 195 

Commonality analysis (CA; Mood, 1969; Newton and Spurrell, 1967; Ray-Mukherjee et al., 196 

2014) partitions the explained variation of a dependent variable to multiple independent 197 

variables, and thereby specifies whether a variable exerts its effect individually (as a unique 198 

effect) or in combination with other, intercorrelated, variables (as a common effect). In contrast 199 

to multiple linear regression,  the interpretability of which can be severely impaired under 200 

multicollinearity, CA explicitly reveals and quantifies existing interdependencies among 201 

variables. The difference is that effect sizes revealed by CA must be interpreted as the proportion 202 

of explained variance, whereas effect size in multiple linear regression is usually provided as 203 

slope coefficient representing the tightness of a relationship. Here, CA was used to account for 204 

multicollinearity to conceptualize unique and common effects of the remaining independent 205 

variables on ∆SOSGPP and ∆EOSGPP.  206 

Pairwise correlations were therefore used as a pre-selection method to constrain the number of 207 

independent variables in CA, as the number of effects to interpret is exponentially proportional 208 

to the number of independent variables (i.e., a set of x variables results in 2x − 1 effects). A 209 

unique effect of a given independent variable was interpreted as a direct effect exerted 210 

independently from other variables (no mediation). Common effects represented by the variance 211 

shared by at least two independent variables were interpreted as indirect, or mediation effects. 212 

The effect of an environmental variable on ∆SOSGPP and ∆EOSGPP can be transmitted through a 213 

third variable; it is hence crucial to include possible mediation effects in the statistical 214 

framework. The sum of all unique and common effects of independent variable was interpreted 215 
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as the explanatory power of the CA model and corresponds with the coefficient of determination 216 

(R2).  217 

Next, unique and common effects that contributed to at least ±5 % of the total explained 218 

variation in ∆SOSGPP (∆EOSGPP) were selected to construct the path diagrams for structural 219 

equation modeling (SEM; Wright, 1921; Jöreskog, 1970; Wold, 1975). Variables assigned as 220 

unique effects by the CA were incorporated as direct effects, whereas variables assigned as 221 

common effects were incorporated as indirect (mediation) effects. If an initial model, as 222 

hypothesized by the CA, was a poor fit of the data and not all paths were significant, new models 223 

were tested by iteratively removing the variable with the lowest non-significant standardized 224 

path coefficient, until all paths were significant, and the model was a good fit to the data. The 225 

Akaike information criterion (AIC; Akaike, 1973) was used to choose the most parsimonious 226 

model. As a last step, SEM was used as a confirmative approach to evaluate the constructed path 227 

diagrams (model selection criteria: p-value of the χ2 statistic of a model is greater or equal than 228 

0.05 and all paths are significant with a p-value less than 0.05). Statistical measures such as the 229 

χ2 statistic are commonly used with SEM to assess the goodness-of-fit of a model, whereas R2 are 230 

used in linear regression models. All analyses were conducted in MATLAB 2020a (MATLAB, 231 

2020) and R (R Core Team, 2020) with the yhat and lavaan packages (Nimon et al., 2008; 232 

Rosseel, 2012). 233 

 234 

3. Results 235 

The start- and end-of-season delineated with GPP varied between early April (DOY 98) and mid-236 

May (DOY 134), and between mid-September (DOY 259) and late October (DOY 300; Table 3), 237 

respectively. The length-of-season delineated with GPP varied between 135 and 197 days, with 238 
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generally longer seasons in southern, permafrost-free forest stands (CA-Qfo and CA-Obs) and 239 

shorter seasons in northern forests stands with permafrost (CA-SCC, US-Uaf and US-Prr; Table 240 

3). 241 

AmeriFlux-ID Mean SOSGPP (DOY) Mean EOSGPP (DOY) Mean LOSGPP (days) 

CA-Qfo 117 (112;125) 291 (282;296) 174 (171;178) 

CA-Obs 109 (98;122) 291 (283;300) 182 (164;197) 

CA-SCC 122 (115;126) 267 (261;272) 145 (137;154) 

US-Uaf 118 (111;134) 272 (264;285) 154 (135;166) 

US-Prr 110 (102;118) 266 (259;274) 156 (153;172) 

Table 3: Mean start-of-season (SOSGPP), end-of-season (EOSGPP), and length-of-season (LOSGPP) 

delineated from daily gross primary productivity (GPP) at each study site. The minimum and 

maximum SOSGPP, EOSGPP and LOSGPP are shown in parentheses. DOY: day-of-year. 

 

US-Uaf and CA-Obs had the longest observation records for forest stands in the permafrost 242 

zone and below the southern limit of permafrost, respectively (Figure 3). Not surprisingly, the 243 

correlations obtained for these sites were indicative for the correlations obtained for the 244 

aggregated sites with (Perm) and without permafrost (Perm-free). Pairwise correlation 245 

coefficients indicated that ∆SOSTa, ∆SOSTs, ∆SOSPPI and ∆SOSSnow had significant correlations 246 

with ∆SOSGPP only in sites without permafrost (Figure 3a). In fall, ∆EOSTs, ∆EOSSnow, 247 

∆SWCJASO had significant correlations with ∆EOSGPP in both, sites with and without permafrost 248 

(Figure 3b). 249 

Commonality analysis was used with ∆SOSTa, ∆SOSTs and ∆SOSPPI as explanatory variables 250 

to explain the variation in ∆SOSGPP. ∆SOSSnow was excluded from further analyses because the 251 

complete disappearance of snow on the ground occurred after SOSGPP and thus could not explain 252 

the variation in SOSGPP (Supplement S3). In agreement with findings of a previous study 253 
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(Pulliainen et al., 2017), SOSSnow occurred on average 8 and 9 days after SOSGPP at sites with and 254 

without permafrost, respectively. Similarly, SOSPPI also tended to occur after SOSGPP, yet 255 

vegetation canopy development and biochemistry are changing continuously (Supplement S3). 256 

In contrast, SOSSnow is a binary indicator of snow presence or absence, thus we decided to keep 257 

∆SOSPPI in further analyses but not SOSSnow. 258 

Figure 3: Correlation plots between the anomalies of (a) the start-of-season and (b) the end-of-

season delineated from gross primary productivity (GPP) and environmental variables (Ta: air 

temperature; Ts: soil temperature; PPI: plant phenology index; Snow: snow-free period; PAR: 

photosynthetically active radiation; SWC: soil water content). Asterisks (*) indicate significant 

correlations (α = 0.05). Results for individual sites are for US-Uaf and CA-Obs, as these sites 

had the highest number of years of observations from sites with (Perm) and without permafrost 

(Perm-free), respectively. The numbers of site-years are in parentheses. 

 

For permafrost-free sites, around 74 % of the variance (R2
total) in ∆SOSGPP was explained 259 

through the combination of ∆SOSTa, ∆SOSTs and ∆SOSPPI (Table 4). The contribution of each of 260 



20 

the effects is relative to the total explained variance (i.e., variation explained by effects sums to 261 

100 %). Unique effects on ∆SOSGPP stemmed from ∆SOSTs and ∆SOSPPI, whereas the unique 262 

effect of ∆SOSTa was negligible. All combinations of the environmental variables, including 263 

∆SOSTa, had an impact on ∆SOSGPP through common effects. These common effects were either 264 

joint temperature effects (∆SOSTa, ∆SOSTs) or temperature effects mediated by canopy 265 

‘greenness’ (∆SOSPPI). For sites with permafrost, ∆SOSTa, ∆SOSTs and ∆SOSPPI explained only 266 

around 19 % of the variance in ∆SOSGPP (Table 4). Unique effects on ∆SOSGPP stemmed from 267 

∆SOSTa and ∆SOSPPI, and ∆SOSTs had no unique effect. Common effects of all environmental 268 

variables had a total effect size of around 66 %, with the largest proportion of variance covered 269 

by a Ts-mediated Ta effect. 270 

Effect type Interpretation 

Contribution in % to 
R2

total (R2
total = 73.5 

%): permafrost-free 
sites 

Contribution in 
% to R2

total 

(R2
total = 19.2 

%): sites with 
permafrost 

∆SOSTa Unique air temperature effect 0.9 28.6* 

∆SOSTs Unique soil temperature effect 21.1* 0.0 

∆SOSPPI 
Unique canopy ‘greenness’ 

effect 
54.9* 5.7* 

∆SOSTa and 
∆SOSTs 

Soil temperature-mediated air 
temperature effect 

16.2* 30.2* 

∆SOSTa and 
∆SOSPPI 

Canopy ‘greenness’-mediated 
air temperature effect 

9.4* 14.5* 

∆SOSTs and 
∆SOSPPI 

Canopy ‘greenness’-mediated 
soil temperature effect 

-10.1* 0.0 

∆SOSTa, ∆SOSTs 

and ∆SOSPPI 
Canopy ‘greenness’-mediated 

temperature effect 
7.6* 21.0* 

Total  100.0 100.0 

Table 4: Contribution of the explanatory variables to the total explained variance (R2
total) in the 

anomalies (∆) of the start-of-season delineated from daily gross primary productivity (∆SOSGPP). 
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Asterisks (*) indicate that the contribution to R2
total is large enough (> ±5 %) to be integrated in 

the path analysis. SOS: start-of-season; Ta: air temperature; Ts: soil temperature; PPI: plant 

phenology index. 

For ∆EOSGPP, CA was used with ∆EOSTs, ∆EOSSnow and ∆SWCJASO as explanatory variables. 271 

For permafrost-free sites, the combination of these variables explained around 57 % of the 272 

variation in ∆EOSGPP (Table 5). Unique effects on ∆EOSGPP stemmed from ∆EOSSnow and 273 

∆SWCJASO. The largest proportion of the explained variance of ∆EOSGPP was attributed to 274 

common effects (Table 5), particularly to a Ts-mediated SWC- and ‘snow appearance’ effect 275 

(i.e., the formation of a continuous snowpack). The same set of independent variables explained 276 

around 45 % of the variation in ∆EOSGPP for sites with permafrost (Table 5). Only ∆EOSSnow and 277 

∆SWCJASO had a unique effect. The largest proportion of the variation was explained by the 278 

unique effect of ∆SWCJASO . Only ∆EOSSnow and ∆SWCJASO  had a common effect, its negative 279 

contribution to R2
total indicating a possible suppression effect (Horst, 1966; Seibold and McPhee, 280 

1979). 281 

Effect type Interpretation 
Contribution in % to 

R2
total (R2

total = 57.3%): 
permafrost-free sites 

Contribution in % to 
R2

total (R2
total = 44.7%): 

sites with permafrost 

∆EOSSnow Unique snow appearance effect 23.0* 45.3* 

∆EOSTs Unique soil temperature effect 2.7 3.5 

∆SWCJASO Unique soil moisture effect 17.2* 72.1* 

∆EOSSnow and 
∆EOSTs 

Soil temperature-mediated snow appearance 
effect 

17.0* -2.5 

∆EOSSnow and 
∆SWCJASO 

Soil moisture-mediated snow appearance 
effect 

-1.9 -17.4* 
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∆EOSTs and 
∆SWCJASO 

Soil temperature-mediated soil moisture 
effect 

16.1* -2.9 

∆EOSSnow, 
∆EOSTs and 
∆SWCJASO 

Soil temperature-mediated soil moisture and 
snow appearance effect 

25.9* 1.9 

Total  100.0 100.0 

Table 5: Contribution of the explanatory variables to the total explained variation (R2
total) in the 

anomalies (∆) of the end-of-season delineated from daily gross primary productivity (∆EOSGPP). 

Asterisks (*) indicate that the contribution to R2
total is large enough (>±5 %) to be integrated in 

the path analysis. EOS: end-of-season; Ta: air temperature; Ts: soil temperature; SWC: soil 

water content; Snow: snow-free period; JASO: July-August-September-October. 

Based on the CA, we constructed path diagrams to be tested with SEM, keeping the effects 282 

contributing to at least ±5 % of the total explained variation (Tables 4 and 5, Figures 4a and 5a). 283 

Unique effects were defined as direct effects, while common effects were accounted for as 284 

indirect effects, corresponding to mediation effects, in the path diagrams. The hypothesized path 285 

diagrams were the initial models to fit the data in spring (Figure 4a). Both path diagrams shared 286 

similar paths, except for the direct effect of ∆SOSTa on ∆SOSGPP (gray arrow in Figure 4a), 287 

present at sites with permafrost but not at permafrost-free sites. These initial models were poor 288 

fits of the data (p-values of the paths > 0.05; not shown here). 289 
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Figure 4: (a) Hypothesized path diagrams tested with structural equation modeling for anomalies 

(∆) in the start-of-season (SOS) delineated from gross primary productivity (∆SOSGPP), 

constructed with environmental variables selected with the commonality analysis. Black arrows 

indicate paths valid for both, sites with and without permafrost; the gray arrow indicates a path 

only valid for sites with permafrost. (b) Resulting path diagrams for ∆SOSGPP. Black arrows 

indicate paths valid for permafrost-free sites only, as no model shows significant paths for sites 

with permafrost. Unstandardized path coefficients are shown alongside standardized coefficients 

in parentheses. Asterisks (*) indicate the p-value (* < 0.05, ** < 0.01, *** < 0.001). The χ2 chi-

square statistic, which assesses the goodness-of-fit, is 1.07 with a p-value of 0.584 on 2 degrees 

of freedom. Akaike information criterion of the final model is 16.7, compared to 23.2 for the 

initial model (a). The environmental variables are anomalies (∆) of SOS: Ta: air temperature; Ts: 

soil temperature; PPI: plant phenology index. 

 

After removing all non-significant paths, the final model at permafrost-free sites indicated that 290 

∆SOSPPI had a direct effect on ∆SOSGPP (Figure 4b). Similarly, ∆SOSTs had a direct effect on 291 

∆SOSGPP and in addition acted as a mediator of ∆SOSTa. Thus, ∆SOSGPP at permafrost-free sites 292 

was determined by ∆SOSPPI, and by the time when Ta rose above freezing and thereby caused 293 

soil thaw (Ts > 0°C). As expected by the pairwise correlation coefficients and the CA (Figure 3a, 294 

Table 4), no model showed significant paths for sites with permafrost.295 
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 297 

Figure 5: (a) Hypothesized path diagrams tested with structural equation modeling for anomalies 

(∆) in the end-of-season (EOS) delineated from gross primary productivity (∆EOSGPP), 

constructed with environmental variables selected with the commonality analysis. Black arrows 

indicate paths valid for both, sites with and without permafrost; the gray arrows indicate paths 

only valid for permafrost-free sites. (b) Resulting path diagrams for ∆EOSGPP. Black and gray 

path coefficients are for sites with and without permafrost, respectively. Unstandardized path 

coefficients are shown alongside standardized coefficients in parentheses. Stars indicate the p-

value (* < 0.05, ** < 0.01, *** < 0.001). Final models for the sites with and without permafrost 

have an R2 of 0.43 and 0.56 and an R2
adj of 0.37 and 0.50, respectively. Akaike information 

criterion is 8.0 for both final models, compared to 14.0 and 24.0 for the initial models for the 

sites with and without permafrost (a). The environmental variables are the anomalies (∆) of the 

end of the snow-free period (EOSSnow) and of the late season (July-August-September-October; 

JASO) soil water content (SWCJASO).  

 298 

For ∆EOSGPP, the initial models for both, sites with and without permafrost, shared similar 299 

paths with the difference that ∆EOSTs had an indirect effect on ∆EOSGPP through ∆EOSSnow and 300 
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∆SWCJASO for permafrost-free sites only (Figure 5a). The final models indicated that the direct 301 

effects of ∆EOSSnow and ∆SWCJASO were the only significant paths on ∆EOSGPP (Figure 5b). The 302 

strength of the paths for ∆SWCJASO  was similar for both categories of sites (with and without 303 

permafrost). However, ∆EOSSnow had contrasting effects on ∆EOSGPP in sites with and without 304 

permafrost, i.e., it is negative and positive, respectively.  305 

 306 

4. Discussion and conclusion 307 

This study sheds light on the explanatory power of different environmental variables known to 308 

control growing season timing in black spruce-dominated boreal forest with and without 309 

permafrost: canopy ‘green-up’ (∆SOSPPI), and air (∆SOSTa) and soil temperature (∆SOSTs) in 310 

spring (∆SOSGPP), and soil water content (∆SWCJASO) and the formation of a continuous 311 

snowpack (∆EOSSnow) in fall (∆EOSGPP).  312 

 313 

4.1 What controls the start of the growing season? 314 

The variation in ∆SOSGPP at the permafrost-free sites was mostly explained by ∆SOSTa and 315 

∆SOSTs. As found in earlier studies (e.g., Suni et al., 2003b; Barr et al., 2009), SOSTa partly 316 

explained SOSGPP, and this study suggests that its control was mostly indirect via SOSTs. Above-317 

freezing Ta is necessary for the recovery of the reactions within photosystem II (Ensminger et 318 

al., 2004). In contrast to previous studies (e.g., Suni et al., 2003b), we show that photosynthetic 319 

recovery in spring also required unfrozen soil (Barr et al., 2009). Earlier SOSTa resulted in earlier 320 

thaw of near-surface soil layers, providing roots with access to liquid water. In a recent study at 321 

CA-Obs, Pierrat et al. (2021) reported that above-freezing Ta and thawed stems were insufficient 322 

for photosynthetic recovery of black spruce in spring. The difference in the timing between stem 323 
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rehydration and the onset of transpiration highlights the importance of access to liquid water in 324 

the soil for photosynthetic recovery in coniferous evergreen tree species. Viewed from the 325 

perspective of simple light use efficiency models (Monteith, 1972; 1977; Hilker et al., 2008) 326 

widely used in remote sensing communities (Ryu et al., 2019), low temperatures (Ta, Ts) 327 

resulting in limited access to liquid water may hamper photosynthetic recovery in spring by 328 

downregulating boreal forest stands’ efficiency to relate absorbed PAR to photosynthetic CO2 329 

uptake, with potentially cascading effects on ∆SOSGPP. In light use efficiency models, these 330 

effects might be enhanced or at least partially compensated for by PAR which is strongly 331 

influenced by variations in meteorological conditions. 332 

The start of canopy ‘green-up’, ∆SOSPPI, was significantly correlated with ∆SOSGPP at the 333 

permafrost-free sites (Figure 3a). The remotely-sensed estimates of SOSPPI occurred after 334 

SOSGPP
 (Supplement S3).  However, spectral vegetation indices such as PPI track continuously 335 

changing vegetation canopy development and associated changes in biochemistry functionally 336 

related to photosynthetic CO2 uptake and thus its recovery in spring. Continuously changing 337 

vegetation canopy development and biochemistry are partly temperature-driven, but our results 338 

suggest that Ta and Ts appeared not to have had an indirect effect on ∆SOSGPP through ∆SOSPPI. 339 

The start of the snow-free period, ∆SOSSnow, was significantly correlated with ∆SOSGPP at the 340 

permafrost-free sites (Figure 3a). A similarly strong correlation between SOSSnow and SOSGPP 341 

was reported for different boreal forest stands in the northern hemisphere (Pulliainen et al., 342 

2017). As SOSPPI, the start of the snow-free period occurred after SOSGPP (Supplement S3). Thus 343 

∆SOSSnow by itself was not a plausible explanation for ∆SOSGPP. However, SOSSnow may serve as 344 

proxy for photosynthetic recovery in spring since it is functionally related to SOSTa and SOSTs. 345 

Soil water content, ∆SWCMAM, and radiation, ∆PARMAM, posed no limits on photosynthetic 346 
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recovery for sites with or without permafrost (Figure 3a). Because of snowmelt, the amount of 347 

available liquid water was not a limiting factor in spring (Iwata et al., 2012; Arneth et al., 2006). 348 

Photoperiod increases rapidly in early spring, providing ample sunlight and thus PAR to 349 

stimulate the reactions within the photosystem II. However, Ta is usually too low to activate the 350 

chemical reactions in the Calvin cycle (Strand and Öquist, 1985), prohibiting photosynthetic 351 

recovery in early spring despite sufficient PAR (Ensminger et al., 2004).  352 

No environmental variable, or combination of variables, significantly explained ∆SOSGPP at 353 

sites with permafrost, except for ∆SOSTa at US-Uaf (Figure 3a). We expected trees in forest 354 

stands with permafrost to have more resource conservative life history strategies than their 355 

counterparts below the southern limit of permafrost given the harsh environmental gradient 356 

(Sniderhan et al., 2018; Reich, 2014). Consequently, the ecophysiological functions of trees in 357 

the permafrost zone might be less responsive to variation in environmental conditions and are 358 

instead predominantly controlled by photoperiod (Sniderhan et al., 2018; Reich, 2014). In 359 

addition, differences in structure between forest stands with and without permafrost may partly 360 

contribute to the differences in how environmental variables explained ∆SOSGPP. Forest stands 361 

with permafrost are characterized by relatively open canopies with low leaf area index (Table 1). 362 

There, understory and ground cover vegetation make large contributions to ecosystem-level 363 

water and carbon fluxes (e.g., Ikawa et al., 2015). At US-Prr, trees contribute approximately 40 364 

% to ecosystem-level water and carbon fluxes (Ikawa et al., 2015). In contrast, at CA-Obs and 365 

CA-Qfo, two forest stands without permafrost, trees contribute ca. 85 % to GPP (Gaumont-Guay 366 

et al., 2009; but also see Pappas et al., 2020). In addition, the photosynthetic recovery of 367 

coniferous evergreen tree species and evergreen understory vegetation may occur while the 368 

ground is still covered by snow (e.g., Starr and Oberbauer, 2003). Deciduous broadleaf shrub 369 

species comprising understory vegetation tend to produce leaves later in the season after 370 



28 

snowmelt is completed (Oberbauer et al., 1998). Considering the important contributions of 371 

understory and ground cover vegetation to ecosystem-level carbon and water fluxes, such 372 

asynchronous seasonal trajectories in above- and belowground processes (Liu et al., 2022) add 373 

additional complexity when attempting to disentangle how environmental variables control 374 

SOSGPP in forest stands with permafrost.  375 

 376 

4.2 What controls the end of the growing season? 377 

Fewer studies have focused on how environmental variables control EOSGPP (e.g., Liu et al., 378 

2022). Our results suggest that the variation in ∆EOSGPP at both, sites with and without 379 

permafrost, was explained by ∆SWCJASO and ∆EOSSnow. Regardless of permafrost presence or 380 

absence, SWC (∆SWCJASO) set a limit to the continuation of photosynthesis in fall, thus affecting 381 

EOSGPP. Soil water content in spring was higher and much less variable than in fall due to input 382 

of liquid water through snowmelt. In contrast, SWC in fall largely depended on precipitation 383 

inputs throughout the growing season. In addition, SWC in sites with permafrost also depended 384 

on the depth of the seasonally thawed and hydrologically active layer above the frost table 385 

(Quinton and Baltzer 2013). The permafrost-free sites were characterized by higher annual 386 

precipitation compared to sites with permafrost (Table 1). The presence of impermeable 387 

permafrost influences drainage since it restricts the movement of water to the active layer 388 

(Quinton et al., 2019). Precipitation and drainage both affect SWC, which can be a limiting 389 

factor for photosynthesis in the late season in boreal forests (Ruiz-Pérez and Vico, 2020). A 390 

liquid water constraint in late growing season may therefore accelerate cessation of 391 

photosynthesis by inducing stomatal closure to limit evaporative water loss to the atmosphere 392 

(Reich et al., 2018). 393 
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A complex finding of this study was the contrasting effect of ∆EOSSnow on ∆EOSGPP which 394 

was negative (r = -0.45, p > 0.05) in sites with permafrost and positive (r = 0.41, p > 0.05) in 395 

permafrost-free sites. It was not the timing of the formation of a continuous snowpack as such 396 

that influenced the end of photosynthesis, but rather the underlying meteorological conditions. At 397 

permafrost-free sites, formation of a continuous snowpack occurred later than for sites in the 398 

permafrost zone, causing precipitation to fall as rain rather than snow longer in fall (Lawrence 399 

and Slater, 2010). In contrast, formation of a continuous snowpack at sites with permafrost might 400 

occur later than at permafrost-free sites due to generally less precipitation at sites with 401 

permafrost. A later formation of a continuous snowpack implies a less insulated ground surface 402 

influenced by cold air, resulting in colder soils and thus an earlier cessation of photosynthesis in 403 

fall (Lawrence and Slater, 2010). 404 

 405 

4.3 Limitations of the study 406 

This study distinguished between boreal forest stands with and without permafrost. The total 407 

number of site-years (n = 40) was limited by data availability. The number of years of 408 

observations available per site differed, and the two categories of permafrost presence and 409 

absence were dominated by data from two sites, US-Uaf (n = 12) and CA-Obs (n = 14), 410 

respectively. Thus, results obtained for aggregated forest stands with (n = 21) and without 411 

permafrost (n = 19) largely reflect US-Uaf and CA-Obs, respectively (Figure 3). Undoubtedly, a 412 

larger dataset with more site-years containing all the studied environmental variables would be 413 

useful to better evaluate the generality of the findings we describe here. The number of boreal 414 

forest research sites where eddy covariance and supporting measurements are collected is 415 

growing (e.g., Helbig et al., 2020), however, the relatively small sample size (n = 40) highlights 416 

the importance and continued need for coordinated flux data collection efforts through network 417 
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initiatives such as FLUXNET, the National Ecological Observatory Network, or the Integrated 418 

Carbon Observation System.  419 

The methods and metrics used to delineate the start-of-season and end-of-season each have 420 

their uncertainties, strengths, and limitations. For example, multiple methods to delineate SOSGPP 421 

and EOSGPP and the start of canopy ‘green-up’ and end of canopy ‘green-down’ using spectral 422 

vegetation indices (e.g., SOSPPI and EOSPPI) have been proposed (e.g., Karkauskaite et al., 2017; 423 

Kim et al., 2012; Richardson et al., 2010; Wang et al., 2017). However, no single method was 424 

suitable for the multi-site analyses of this study using diverse in situ (e.g., eddy covariance) and 425 

remote sensing data streams (e.g., MODIS data product). In addition to the curve-fitting method 426 

(Gonsamo et al., 2013), a relative threshold method was tested to determine SOSGPP and EOSGPP, 427 

defined as the first and last DOY when daily GPP reaches a certain percentage of the annual 428 

total, respectively (Barr et al., 2009). In most years, the curve-fitting and threshold methods 429 

provided comparable results. However, in years when a brief warm spell in early spring only 430 

temporarily initiated photosynthetic recovery (e.g., in early April 2001 around DOY 100; Figure 431 

2a), the curve fitting- and threshold-based estimates of SOSGPP diverged (Supplement S4). Based 432 

on visual inspection, the curve fitting-based estimates of SOSGPP and EOSGPP appeared to be the 433 

most representative and plausible estimates across sites. 434 

Although black spruce was the dominant tree species in all forest stands included in this 435 

study, some scattered larch (Larix laricina) trees, a coniferous deciduous tree species, were also 436 

present at CA-Qfo, CA-Obs and CA-SCC. Larch needles must emerge to initiate photosynthesis 437 

in spring; hence their photosynthetic recovery occurred later than that of black spruce (Pierrat et 438 

al., 2021). In addition, deciduous and evergreen understory and ground cover vegetation 439 

occurred in all forest stands. The resulting diversity and structural complexity, and thus 440 

asynchronicity in flux contributions across forest stands and footprints, was not resolved in 441 
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measurements of NEE made with eddy covariance techniques. The integrative nature of these 442 

measurements challenged the delineation of SOSGPP and EOSGPP. Describing canopy ‘greenness’ 443 

with spectral vegetation indices such as PPI using the MODIS MCD43A4 satellite product at 444 

500-m spatial resolution faced similar challenges. Considering that boreal forests are interspersed 445 

with lakes and wetlands, remotely-sensed estimates of SOSPPI and EOSPPI were representative of 446 

fragmented landscapes characteristic for the boreal biome. 447 

Daily gross primary productivity time series used in this study were derived from NEE 448 

measured using eddy covariance techniques at five boreal forest sites. The gap-filling and 449 

partitioning methods slightly differed across the sites. To evaluate the importance of such 450 

methodological differences, a single gap-filling and partitioning method was also employed 451 

across sites (Supplement S5). We used the REddyProcWeb online tool (Wutzler et al., 2018) 452 

based on Reichstein et al. (2005). The use of the consistent gap-filling and partitioning method 453 

across sites resulted in unrealistic photosynthetic CO2 uptake when air temperature was well 454 

below freezing (e.g., DOY 0-10 in Figure S5.1a, DOY 40-50 in Figure S5.1b, DOY 325 in 455 

Figure S5.1c and DOY 0-75 and DOY 325-350 in Figure S5.1d). Based on visual inspection we 456 

decided to use daily GPP time series selected by site investigators as these were generally less 457 

affected by such unrealistic photosynthetic CO2 uptake in shoulder seasons. 458 

 459 

4.4 Implications  460 

Distinguishing between forest stands with and without permafrost, this study highlights how 461 

environmental variables controlled the growing season timing of five boreal forest stands in 462 

North America. The difference in how growing season timing was directly or indirectly 463 

influenced (i.e., through ‘mediation effects’) by environmental variables was the most 464 

pronounced in spring. However, understanding differences in mechanistic details of how 465 
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environmental variables control instantaneous and slow responses of the photosynthesis and the 466 

involved light and carbon reactions, and respiration (Kolari et al., 2014; Wohlfahrt and Gu, 467 

2015) at forest stands with and without permafrost warrants further investigation. 468 

Amplified climate warming in high latitudes continues to accelerate permafrost thaw across 469 

the circumpolar permafrost zone (Biskaborn et al., 2019). Projected climate change for the boreal 470 

biome (e.g., Gauthier et al., 2015) and an associated northward shift of the southern limit of 471 

permafrost distribution imply rapidly changing environmental conditions. Thus, changes in the 472 

photosynthetic response of the boreal biome are to be expected. Such changes in the 473 

photosynthetic response of boreal forests due to permafrost thaw might range from changes in 474 

how environmental variables control photosynthesis and growing season timing as shown in this 475 

study, to a complete change in ecosystem composition and structure (e.g., loss of boreal forest 476 

and associated wetland expansion, Helbig et al., 2016).  477 

The representation of permafrost dynamics in land models used in Earth system models is 478 

receiving increased attention (e.g., Melton et al., 2019). At the same time, land models have 479 

limited skill in reproducing above-ground vegetation phenology (Richardson et al., 2011; Seiler 480 

et al., 2022), and below-ground phenology poses an even greater challenge for such models (Liu 481 

et al., 2022). A better understanding of how environmental controls of growing season timing in 482 

boreal forests are influenced by the presence or absence of permafrost is important for refined 483 

parameterizations of the boreal biome in Earth system models.   484 

 485 

Acknowledgments 486 

This study was supported in part by the Fonds de Recherche du Québec - Nature et Technologie 487 

(FRQNT) and CFREF Global Water Futures project Northern Water Futures. O.S. acknowledges 488 

funding by the Canada Research Chairs, Canada Foundation for Innovation Leaders Opportunity 489 



33 

Fund, and Natural Sciences and Engineering Research Council Discovery Grant programs. 490 

Funding for AmeriFlux data resources was provided by the U.S. Department of Energy’s Office 491 

of Science. The CA-Obs site received support from Environment and Climate Change Canada, 492 

the Canadian Forest Service, the Fluxnet-Canada Research Network, the Canadian Carbon 493 

Program, the Cold Regions Research Network, and the Global Institute for Water Security. The 494 

US-Uaf and US-Prr sites were supported by the Arctic Challenge for Sustainability (ArCS; 495 

JPMXD1300000000) project, ArCS II (JPMXD1420318865). We also acknowledge the use of 496 

FLUXNET data, and the work of Hank Margolis and Carole Coursolle (Fluxnet-Canada 497 

Research Network/ Canadian Carbon Program). We thank Manuel Helbig, Joe Melton and the 498 

two anonymous reviewers for their constructive comments which substantially improved the 499 

quality of the manuscript.  500 

 501 

Appendix A Plant phenology index 502 

The plant phenology index (PPI; Jin and Eklundh, 2014) can be calculated using the MODIS 503 

MCD43A4 Nadir Bidirectional Reflectance Distribution Function-Adjusted Reflectance product 504 

with a 500-m resolution: 505 

PPI =  −� ×  ln
� � ���

� � ����
  (1) 

where DVI is the difference vegetation index, i.e., the difference between NIR and red 506 

reflectances, DVIS is the DVI of the soil, which is empirically set to 0.09 (Karkauskaite et al., 507 

2017), and M is the maximum DVI. K is a gain factor given by: 508 
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K =  
�.�� ���(�)

(! � "#)$ %"# ���(�) 
∙

! % �

! � �
  (2) 

where θ is the solar zenith angle at local solar noon. G is a geometric function of leaf angular 509 

distribution (set to 0.5 after Karkauskaite et al., 2017), and dc is an instantaneous diffuse fraction 510 

of solar radiation for a given solar zenith angle. For clear-sky and standard atmosphere it is 511 

formulated as: 512 

'( =  0.0336 + 
�.�-..

���(�) 
  (3) 

  513 
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