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Introduction
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Objective of the study :

Here, we explore the mechanisms that regulate the photosynthesis recovery across 

the North American boreal forest, and shed light on the differences in these 

mechanisms between permafrost and permafrost-free sites.

As the North American boreal forest is expected to experience rise in spring 

temperatures1, earlier starts of the growing seasons are to be anticipated, 

potentially resulting in a change in the source-sink strength of this 

ecosystem2.

Air temperature has been known to be the main driving factor of the 

photosynthesis recovery2,3, while the role of phenology might have been 

underestimated. More specifically, its interaction with air temperature might 

play an important role in photosynthesis recovery4.



Methods : Sites and measurements
• 42 sites-years of observations 

• Carbon flux : gross primary productivity 

(GPP) data from eddy covariance 

measurements

• Environmental variables :

• Air temperature (Ta);

• Soil temperature (Ts);

• Soil water content (SWC);

• Photosynthetically active radiation 

(PAR);

• Normalized difference vegetation 

index (NDVI)*;

• Enhanced vegetation index (EVI)*
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*Vegetation indices are used as proxies for phenology

Presence of permafrost : 23 site-years

Absence of permafrost : 19 site-years



Methods : Start of  seasons

For every site-year, start of the 

season (SOS) based on the 

carbon fluxes and the 

environmental variables were 

determined (vertical lines on 

graphs)1,2.

For every site, SOS anomalies 

(deviation from the mean) 

were calculated.
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Results : correlation plot
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This plot of pairwise 

correlations shows that 

Ta, Ts and NDVI have 

significant correlations 

with GPP SOS 

anomalies (α = 0.05); 

hence they were the 

environmental 

variables kept for the 

commonality analysis.



Results : commonality analysis

Euler diagrams summarising the results of the commonality analysis, assessing the effect 

sizes of each environmental variable on the anomalies of GPP SOS in (a) permafrost-free 

sites and (b) permafrost sites.

a) b)

Unique effect

Common effect 
(mediation as a third 
variable effect)
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R2
total = 74% R2

total = 39%

Unique effects are treated as direct effects on GPP SOS; common effects between 

temperature and NDVI are treated phenology-mediated temperature effects on GPP SOS1.

Structural equation models can take into account indirect effects by incorporating a variable 

(here, NDVI) as an outcome and then a predictor of GPP SOS.



Results : structural equation modelling

GPP SOS

NDVI SOS

Ta SOS

Ts SOS

0.258 (0.405**)

0.459 (0.585***)

0.526 (0.526*)

0.580 (0.488*)

GPP SOSNDVI SOSTa SOS

0.481 

(0.782***)

0.592

(0.609**)

Path diagrams for the controlling 
mechanisms of photosynthesis 
recovery in a) permafrost-free and b) 
permafrost sites. Unstandardized path 
coefficients are shown, alongside the 
standardized coefficients in 
parenthesis. 

* p < 0.05
** p < 0.01

*** p < 0.001

a)

b)
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Discussion
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Air temperature plays an important role in photosynthesis recovery in both permafrost 

and permafrost-free sites, but in different ways :

• Permafrost-free sites : direct and indirect (through soil temperature and 

phenology) control;

• Permafrost sites : indirect role, through phenology.

Phenology : mediator for air temperature’s role in photosynthesis recovery. 

Increase of spring temperature → rapid response of vegetation →

photosynthesis recovery1.

GPP SOS

NDVI SOS

Ta SOS

Ts SOS

0.258 (0.405**)

0.459 (0.585***)

0.526 (0.526*)

0.580 (0.488*)

GPP SOSNDVI SOSTa SOS

0.481 

(0.782***)

0.592

(0.609**)

Permafrost-free sites

Permafrost sites

Effect stronger in northern latitudes - where

permafrost soils are found : tree stems are

smaller → less water stored2 to reinitiate

photosynthesis at spring thaw.



Conclusion

Different path diagrams for permafrost and permafrost-free sites explain 

photosynthesis recovery, but both highlight the role of phenology and air 

temperature :
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• Phenology acts as a mediator for air temperature in photosynthesis recovery

• Air temperature has a direct control over photosynthesis recovery only in 

southern, permafrost-free sites 

Future research will explore the environmental controls of photosynthesis cessation 

in fall, using the same statistical framework.
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