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1  ы 
 

1.1   ы     
  

       ,   
        .   

          
-  (Dixon, et al., 1895).     

  .    
    -   ,  

    ,    
  -    .   

        ,  
       

 .       
 ,        

     . 
      ( ).  

          
      ( )   

       
(   ) (Bohm, 1893; Dixon, et al., 1895; Tyree, et al., 1994; 
Sperry, et al., 1996; Tyree, 1997; Cochard, et al., 2000; Tyree, et al., 2002). 

 
1.2  ящ   
 

      
.   , ,     
:   .    

.      90%    -  
    ,   ( , 1969; , 

1979).  “ ”     , 
       (Venturas, et al., 2017). 

    .    
    , . .      
,       ( . 1) 

(Venturas, et al., 2017). 
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 1 –       . ( ) 
       (Populus trichocarpa * 

deltoides).        ;      
 ,    ,    

;            
  (  ). : Lenka Plavcova. ( )  

   (Acer platanoides)   . 
: Brendan Choat.    (Picea glauca) c   

  - . : Amanda Schoonmaker.   
      (Venturas, et al., 2017) 

 

         
  ,  -  ,  

       .  
       . 
     –     

        
.        

      ,    
( ).   

  
1.3 я  э я   
 

      ,  
   .     
,         

  .    .  
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  ,        ,  

    .    
 (Sperry, et al., 1988; Pittermann, et al., 2006; Sevanto, et al., 2012; 

Venturas, et al., 2017). 
    ( . 2):  -

,        
(Sucoff, 1969; Ewers, 1985; Pittermann, et al., 2003; Mayr, 2007)  , 

  ,      
    (Sperry, et al., 1988). 

 

 

 2 –        
     :     

 .          
,  -       . 

      (Langan, et al., 1997) 

 
1.3.1 я, ы я ы   
 

,      ,  
 “ - ” (“air-seeding” hypothesis) (Sperry, et al., 1988).  
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     (𝑃 = )    
,  ,   (𝑃𝑥 < ) 

  ,   .     
       .  , 

       
  ,     : 

 
    𝑃 𝑖 = − Г cos 𝜃   (1) 

 
  𝑃 𝑖  –   ,    , Г – 

  ( / ), 𝜃 –      
    –   ( ) (Venturas, et al., 2017). 

-        -  
     .      

  ,  “ ”     
   (Pittermann, et al., 2005).    

,        , 
  ,      

    .   
          

 .     
       

  -    (Cochard, et al., 2009; 
Delzon, et al., 2010).    

       (Cochard, et 
al., 2009; Delzon, et al., 2010; Jansen, et al., 2012; Bouche, et al., 2014).  

   -     
  ( . 3).    ,  

      (  
,   , ,   .) (Venturas, 

et al., 2017). 
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 3 –  -         

.   (𝛥𝑃)    
 (𝑃 = )    , 

  (𝑃𝑥 < ),       
  .       , 
 𝛥𝑃  ,    ,  , 

  𝛥𝑃  ,       
(Venturas, et al., 2017) 

 
1.3.2 я я- я 

 
  -       

,        
   (Mayr, 2007),   , , 

 . 
         

  (thaw expansion hypothesis) (Sucoff, 1969; Ewers, 1985; 
Davis, et al., 1999; Pittermann, et al., 2003; Pittermann, et al., 2006; Mayr, 2007). 

         , 
     (Pittermann, et al., 2003; Pittermann, et al., 2006; 

Mayr, 2007; Sevanto, et al., 2012).     ,    
     , , -  ̀    
 ,       ,  

      (Hacke, et al., 2001; Pittermann, et 
al., 2006; Sevanto, et al., 2012). 
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1.3.2.1  я 
 

        ,  
      .   

  ,       
.  4     
   :  ,  

,   c      air-seeding 
(       

    ) (Sevanto, et al., 2012). 
    н еация  ави ация.  

          
    ,   -   , 

        
   .      

ави ация,      н еации (Holtta, et al., 2002).  
   (    ) 
, . .       100 , 

      ,     
    0,1-10  (Taiz, et al., 2002; Sevanto, et 

al., 2012). 
     ,    

  ,       
    (Sevanto, et al., 2012). 

        .  
    (  )    
 (Davis, et al., 1999; Pittermann, et al., 2003; Pittermann, et al., 2006; 

Charrier, et al., 2014).       
:   ,       
.  ̀      ̀  

, ,  « »    
(Pittermann, et al., 2006; Mayr, 2007; Sevanto, et al., 2012). 

,       
,       .  

         
(Robson, et al., 1988; Pittermann, et al., 2006).    

  ,      ( . 4). 
  ,   ,     

  (Pittermann, et al., 2006). 
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 4 –         

 . D –  , L –    
,  –   

 
    (Sevanto, et al., 2012)  

     . 
,          

           
,          

   , . .      
.   , -  ,     

       ,   
 (    :    

).      
     .  ,  

       ,    
,         

.        ,  
            

 .      
   ,     ,   

       ( . 5). 
 



12 
 

 
 

 5 –   ,   
   (С∗)         

  (𝜏) (Sevanto, et al., 2012) 

 
    ,    

   .   ,    
    , ,  

         
      .   

       ( . 6).  
        

(Wheeler, et al., 2005; Holtta, et al., 2011).  ,    
,           

,          
 (Lintunen, et al., 2013). 
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 6 – (a)  ( = 7 )         

  .       ,  
   .   –   . (b) 

         
.     ,    

 0.5      3 см  (    1    
1 3) (Lintunen, et al., 2013) 

 
  ,      

–     .   
      (PLC)   -

      
   (Charrier, et al., 2014).    

 -        
 -1 /  (Hansen, et al., 1988; Cavender-Bares, 2005; Charrier, et al., 

2014). ,      
,          

air-seeding ( . 7). ,       
       

 ( . 8) (Charrier, et al., 2014). , ,  
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   Pinus contorta      
     – 15 °C (Pittermann, et al., 

2003). 

 
 7 –    - .  

       
 (  )  ( ).      (  )   
 (  ).     -   

    (Ψ ≪ 0)   air-seeding  
    ( ).     

     ( ) (Charrier, et al., 2014)  

 

 8 – PLC (     )    
 ,  12% PLC ( ),  , 

  PLC   -     
 (− °С, − °С, − °С, − °С).       

  (PLC)  .      
     (Charrier, et al., 2014) 

 
         

 -      ,   
   (KCl, NaCl  .) (Sevanto, et al., 2012; Charrier, 
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et al., 2014).      ,  
       (Taiz, et al., 

2002).  ( )      air-
seeding           

  (Sperry, et al., 1988; Holtta, et al., 2002).   
     100-1000 / ^3,   

         (Sevanto, et al., 
2012). 

        
-          , 
 air-seeding –    (Pittermann, et al., 2003; 

Sevanto, et al., 2012). 
 

1.3.2.2  я 
 

 ,   - ,   
    .   ‘  

’ (‘thaw‐expansion hypothesis’  ‘bubble formation hypothesis’ 
(Sucoff, 1969; Ewers, 1985; Davis, et al., 1999; Hacke, et al., 2001; Pittermann, et 
al., 2003; Pittermann, et al., 2006))      

     .  , 
   ,      

 ( . 9). ,  ,   , 
:    (𝑃 ),   ,  

    (Г)     (𝑃𝑥).  
     (Davis, et al., 1999; 

Pittermann, et al., 2006; Venturas, et al., 2017):   
 

 𝑃𝑥 𝑃 − Г  (2) 

 
 𝑃   𝑃𝑥    , Г  / ,   ,    
 .  ,       

         
   (Venturas, et al., 2017).  
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 9 –   ,    ,   
  ( )   ,   ( ).    

  ( )         
 .           

  (  ),        -  
   ,      (  

).       -
 (Venturas, et al., 2017) 

 
      

 .     
   , , ,     

 ,     (Sucoff, 1969),    
    (Langan, et al., 1997; Venturas, et al., 

2017). 
       

- .      
     (Mayr, et al., 2003; 

Mayr, et al., 2010). 
 
1.3.3   э  
 

       
  (hydraulic conductance) ( =  /  

)       .  
       

  (hydraulic conductivity) ( ℎ =   / 
 ),       

   ( 𝑠 =     
  /  ),    
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   ( 𝐿 =      
 /  ).   ,     

 ( = ℎ , ,  𝐿),      
     ( 𝑥).    

  (PLC) (percentage loss of hydraulic conductivity) 
  (Venturas, et al., 2017):  

 
 𝑃 = ∗ − 𝑥  

(3) 

 
        

(freeze-thaw events),     “FT” (Pittermann, et al., 
2006): 

 
 𝑃 𝐹 = ∗ − 𝐹 𝑥  

(4) 

 
       ,  

     , 
     : 

 
 %  𝑓 𝑖 𝑖 𝑦 = ∗ − 𝛴 /𝛴 , (5) 

 
   –    , 𝛴  –  

 ,    ,   
  (Davis, et al., 1999). 

 
1.3.4 ы я  я    
 

       
    (air dehydration, air injection, 

centrifugation  .)        
(acoustic emissions, air flow  .)    (3), (4), (5) 
(Venturas, et al., 2017).      -

     (Holtta, et al., 2002; Sevanto, et al., 
2012; Lintunen, et al., 2013).        

      
(  ,       .),   

 . 
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1.4 я     

ы 
 

      
,    ( )     

 ,    (Pittermann, et al., 2006a; 
Sperry, et al., 2006a; Lachenbruch, et al., 2014).    

    ,     
 . ,      

     ,    
.       

    “  
 ” (“safety vs. efficiency” tradeoff):  ,  

   ,     
  ( . 10) (Hacke, et al., 2001; Gleason, et al., 

2015; Venturas, et al., 2017).    ,   
    ,   

    ,  
    (  - ) (Sperry, et 

al., 2006a).  
        

       
(Lachenbruch, et al., 2014).  

 

 
 10 –      

          
   (Lintunen, et al., 2013)  
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  .     

     ,     
        . 

    ,  
       

 ( . 11) (Hacke, et al., 2001a).     
   “  - - ” 

(“thickness-to-span ratio”):    (t)    
 (b) (Sperry, et al., 2006a; Venturas, et al., 2017).   
     /  (Lachenbruch, et al., 2014). 

   ,      
   . ,      

     ,    
- -     , ,   
  (Venturas, et al., 2017).  

 

 11 –        
 ,        

(  )   .  
 ,    ,    

  (t)    (b).    ,  
      -    

    (Venturas, et al., 2017) 

 
    ,   

        . 
       (Green, 

et al., 1999; Rosner, et al., 2007; Niklas, et al., 2010).      
   ,  ,   ( , 

 )   .    
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 ,        
  ( . 11) (Lachenbruch, et al., 2014). 

 

 
 11 –          

 ,         
     (  ),    (  

 ) (Lachenbruch, et al., 2014) 

 
  ,  ,       

       .  
    ( . 12). 
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 12 – П    

   щ   

    

,   щ   

 . В   

    

   (В ,  

., 2008). 

 

 
 13 – П    

    

,   щ   

  ( ,  ., 2008)  
 

         
          

  ,    ,    
     ,    

        
.      , , 

/      ( . 14) (Lachenbruch, et al., 
2014): 

1)  :     ;  
2) :      

 ; 
3) :      ; 
4) :      

  ;  
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5) :       
. 

 

 
 14 –       

  : , , /   (Lachenbruch, 
et al., 2014) 

 
       ,  

     . 
        

     (   
 ),   (  ,   , 

  ) ( . 14). 
     :   

.      , 
    ( . 13, 14).    

 ,     ( ,  ) 
      (  )     
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( ,  )      
 (   ).  ,  

 –         . 
        

  (Lachenbruch, et al., 2014). 
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