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I N T R O D U C T I O N

Sitka spruce, Picea sitchensis (Bong.) C arr, is now  
th e  species o f  tree m ost extensively p lan ted  by the 
Forestry  C om m ission in G rea t B rita in , occupying in 
1963 416,000 acres o u t o f  a  to ta l o f  1,752,000 acres. 
O ne fifth o f  this has now  reached the th inn ing  stage. 
Private  ow ners also p lan t it widely.

Som e o f  th e  o lder p lan ta tions are  being severely 
dam aged by sto rm s, and  th e  prospects are th a t the 
prob lem  will becom e greater as m ore p lan tations 
reach  a susceptible size. T he type o f  dam age which 
m ost com m only occurs is up roo ting , often o f  large 
num bers o f  trees, b u t occasionally  large-scale stem - 
breakage can  occur. T he tw o types o f  dam age are 
illustrated  in  P lates 2 and  3.

D ay  (1949, 1963 and  elsewhere) drew  a tten tion  to  
the effects o f  various form s o f  soil im pedance on  the 
ro o t systems, health  and  stability  o f  crops. The 
present investigations confirm  his observations an d  
provide new  quan tita tive  evidence on  the effects o f

soil im pedance an d  new factors on the stability  o f 
trees.

Investigations o f  the various factors rendering  
crops susceptible to  wind-throvy were in itia ted  in 
1960. A  technique fo r pulling  trees over was 
developed (F raser 1962) w hich enab led  studies to  be 
m ade o f  the ro o t system s, an d  o f  tree m echanics. 
Sites were selected a ro u n d  B rita in  on a  range o f  soil 
types. A  num ber o f  o ld  silvicultural experim ents 
were also used, in o rder to  study  as m any o f  the 
factors as possible w hich m ight influence roo t 
developm ent. These studies are  incom plete, especially 
in th a t com parisons have n o t been m ade w ith o ther 
species o f  tree, b u t a  considerable am oun t o f  useful 
results have been accum ulated. C erta in  d istinct 
p a tte rn s have becom e ap p aren t w hich it is hoped will 
be helpful in m aking  silvicultural and  m anagerial 
decisions.

Chapter 1 

T ECH NI QU ES USED IN THE ST U D Y

T he p rim ary  object o f these investigations has been 
to  com pare the tree’s ability  to  w ithstand  w ind forces 
when grow n u nder various conditions. T he only part 
o f  th e  ro o t system  m easured is the po rtion  w hich 
com es ou t o f  the g round  when the tree is pulled over. 
T he very fine ro o t tips, and  long rope-like surface 
roo ts w hich b reak  off du ring  w inching, were n o t 
weighed o r  m easured. T he function  o f  these roo ts is 
considered to  be prim arily  feeding.

A  sam ple o f  a t least eight trees was selected a t 
random  (excluding “ w hips”  and  “ wolves” ) fo r each 
soil type o r silvicultural treatm en t exam ined. T he 
tree-pulling technique was developed so th a t an 
alm ost ho rizon ta l force w ould be applied to  th e  test

tree, a t one-th ird  o f  its height from  the g round . This 
is achieved by a ttach ing  snatch  blocks to  a  second 
tree, in the d irection  th a t it is desired to  pull, and  
guying this tree to  prevent it bendjng tow ards the 
sam ple tree. T he wire rope  used is passed Over an 
upper snatch  block,then  dow n the tree to  a  low er one, 
from  w hich it goes to  a hand-opera ted  w inch, w hich 
is anchored , th rough  a  dynam om eter. T he tw o snatch  
blocks are  supported  by an  adjustab le  spacer. T he 
initial pull is slightly dow nw ard, to  allow  fo r the 
reduction  in the height o f  the attachm ent po in t, as it 
moves ro u n d  in an arc  w hen th e  stem; bends an d  the 
roo ts pivot. T he technique is illustrated  in F igure  1 
and  P late 20.
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A  system  was devised enabling  the angle th rough  
w hich the  tree  has been deflected from  its orig inal 
position  to  be m easured o n  th e  w inch rope. T he 
length o f  rope  fo r 1° o f  deflection varies according 
to  the height a t w hich the pulling  rope  is a ttached  to 
th e  tree. T he  app ro p ria te  length is m arked  on  th e  
rope  w ith  w hite pain t, so  th a t th e  force being 
app lied  can  be no ted  as each m ark  reaches th e  w inch. 
(See Fig. 1.)

Trees w hich w ould  have obstructed  the fall are 
norm ally  cu t before pulling  the test tree, so th a t no 
m ore th an  light b rush ing  o f  the crow n occurs. T he 
d irection  o f  the pu ll is varied  accord ing  to  the  subject 
being stud ied , bu t it is norm ally  aw ay from  the 
prevailing w ind, i.e. tow ards the north-east.

O nce the tree has been pulled over, the  follow ing 
m easurem ents are  m ade, as illustrated  in  Fig. 2 :—

S tem

1. T he to ta l length  (tree height) from  ground
level to  tip.

2. T he length  (height) from  ground  level to  the
p o in t w here the stem  reaches a d iam eter 
o f  3 inches.

3. T he g irth  a t b reast height, i.e. 4  ft. 3 ins. above
g round  level.

4. T he g irth  4  ft. 3 ins. below  b reast height,
i.e. s tum p girth , a t g round  level.

5. T he weight o f  th a t p a rt o f  th e  stem  th a t is
larger than  3 inches in diam eter.

6. O ccasionally, discs w ere rem oved from  the
stem  fo r specific gravity  determ ination , b u t 
this line o f  investigation is no t dealt w ith 
fu rth er herein.

Crown

1. T he dep th  o f  live crow n, m easured as the 
length  from  the tip  to  th e  low est live w horl 
o f  branches.

8. Tw o m easurem ents o f  th e  m axim um  crow n
diam eter, taken  a t  r igh t angles to  each other, 
a n d  averaged.

9. T he weight o f  the live branches, and  th a t p a rt
o f  the stem  th a t was less than 3 inches in 
diam eter.

10. T he w eight o f  the dead  branches.

Roots

11. T w o m easurem ents o f  the w idth  o f  the root-
system , taken  a t righ t angles to  each o ther, 
to  give a  m ean  value fo r m axim um  roo t 
diam eter.

12. T he w id th  o f  the ball o f  soil o r pea t adhering  to
th e  roo ts, called the T oo t ball d iam eter’.

13. T he m axim um  dep th  o f  the ro o t system . (This
is the m easurem ent used in  the tables).

14. T he dep th  o f  the ball o f  soil m ateria l adhering
to  the roo ts, called the ‘dep th  o f  ro o t ba ll’.

15. T he weight o f  the ro o t system  after all soil
m ateria l was cleaned off.

16. T he ro o t system  is also pho tographed  in  p lan ,
an d  also in  elevation while suspended fo r 
weighing. T he p lates illustrate m any 
examples.

T he relationship  betw een ‘crow n d iam eter’ and  
T oo t d iam eter’ was found  to  vary on  different soil 
types. T his is illustrated  in F igure 4.

In  add ition  to  these studies, observations have 
been m ade o f  th e  ro o t system s o f  trees w hich have 
been blow n over. H ow ever, since it is usually  the 
trees w ith  the  poorest ro o t system s w hich are  
up roo ted  by the w ind, such observations a re  o f  
lim ited value in determ ining roo ting  habits. E xam ­
ination  o f  th e  roo ts an d  soils in  undam aged 
stands a ro u n d  w indblow n areas has often  been m ore 
inform ative.

T he tu rn in g  m om ent a t the base o f  each sam ple 
tree is calculated , fo r each degree o f  deflection from  
its orig inal position , from  the pull applied, the 
height o f  a ttachm en t o f  the pulling rope, an d  the 
tree’s weight. T his tu rn ing  m om ent rises to  a  
m axim um , and  then  decreases, as the tree is pulled 
over. T he m axim um  value is recorded as the tree’s 
m axim um  resistance, (see F igure 3).

I t  was found  th a t th e  stem  w eight o f  all trees was 
highly correlated  to  all the  o ther dim ensions o f  tree 
size m easured, such as height, g irth  and  crow n 
weight. I t  has therefore been used as an  indication  o f 
tree size.

Analysis o f  th e  relationship  betw een the 
dim ensions o f  the different com ponents have 
frequently  show n high correlation . These correlations 
vary w ith soil type, site cond ition  an d  th inning 
treatm ent. O ne canno t d raw  definite conclusions a t 
th is stage as there are  still insufficient da ta  available.

T he value o f  a tree’s m axim um  resistance is 
dependent on  its size, and  on  the soil type in  which 
it is grow ing. R egressions o f  m axim um  resistance 
on  stem  w eight fo r each sam ple o f  trees show  
variation  in  slope according to  soil type, and  
roo ting  characteristics (see F igure 5). C om parison  
o f  the slopes o f  these regressions is useful in  the 
study o f  susceptibility to  w indthrow , and  is referred 
to  later. (C hap ter 6).
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crow n)

Breast height 

S tum p girth

 r -----------
Breast height 

4 fee t • 3 inches

M axim um  
root depth

Figure 2. D iag ram  o f tree show ing points a t w hich m easurem ents were taken



Turning Moment 
at base of tree

Angle of deflection from original position in Degrees

Figure 3. Typical curves show ing the relationship  betw een the tu rn ing  m om ent a t the base o f  a tree, 
and  the angle th rough  w hich it has been deflected from  its original position , for brow n earth  and  peaty 
gley soils. ■;



Mean diam eter of 
Root Plate

Mean diameter of C rown

Figure 4. R egressions o f  m ean  ro o t p late  d iam eter on  m ean crow n d iam eter fo r trees grow ing on  brow n 
earth  an d  peaty gley soils. C row n d iam eter will tend  to  increase follow ing th inn ing , an d  as crops get 
older, b u t fo r any  given crow n diam eter, trees on a  peaty  gley soil will tend  to  have w ider ro o t p lates 
th an  trees on  a b row n  earth .
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Chapter 2 

THE SITES A N D  S I L VI CU LT U RA L T RE A TM EN T S ST U D I E D

Sitka spruce show s a  w ell-m arked preference for 
oceanic clim atic conditions, an d  has been m ainly 
p lan ted  in  th e  w etter an d  m ore hum id  western and  
no rthern  parts  o f  B rita in . M ost o f  the tree pulling 
studies have been carried  o u t in  th e  im portan t 
regions o f  N o rth  W ales an d  th e  English-Scottish 
B orders, since s to rm  dam age is m ost frequent in  
these regions.

T he soils in these areas a re  largely developed from  
glacial d rift, derived from  the local solid rocks, 
w hich are  predom inan tly  fine-textured. S ilurian and  
O rdovician  Shales and  G reyw ackes occur in  b o th  
regions, w hile the so fter shales an d  sandstones o f  the 
L ow er C arbon iferous m easures form  m uch o f  the 
B order region. Igneous rocks appear in  the 
B eddgelert a rea  o f  N o rth  W ales, an d  o n  a  sm all 
scale in th e  B orders.

Soil cond itions in th e  tw o regions are  very sim ilar; 
m ost o f  the d rif t is p redom inantly  heavy textured , 
giving im peded drainage. Small a reas o f  be tter-

d ra ined  loam y drift appear on  som e low er rounded  
hill tops, an d  on  steeper slopes.

O n the im peded soils, peat deposits a re  com m on, 
usually  no t exceeding 24 inches, b u t in  a  few basins 
an d  up lan d  saddles peat deposits exceeding three 
feet in  dep th  m ay be found . O n the loam y drift, 
lim ited  pea t accum ulation  (usually less th an  12 
inches) m ay occur, associated w ith the developm ent 
o f  a  th in  iron  pan  in  the m ineral soil beneath . Very 
stony soils occur on  scree slopes and  river terraces, 
and  B row n E arth s are  often  deep a t  the foo t o f  steep 
slopes, due to  slip and  w ash. T he areas o f  these 
stony  soil types are  small.

I t  is therefore  possible to  classify th e  soils studied  
in to  five basic types; these, including transitional 
types, accoun t fo r a  very large p ro p o rtio n  o f  the 
soils th a t are  found  in  forests in these regions. 
R o o ting  has been exam ined o n  som e o r  all o f  these 
soil types in seven forests, as listed in T able  1. 
M ore  detailed  descriptions follow  o f  the soils on 
w hich trees were pulled over.

T able 1. L o c a t io n  o f  I n v estig a tio n s  C lassified  by So il  T y pes , w it h  t h e  N um bers o f  T rees

P u lled  O ver

Soil Type

FOREST

Total

Ae
Dumfries­

shire

Beddgelert
Caern­

arvonshire

Clocaenog
Denbigh­

shire

Kielder
North­

umberland

New-
castleton

Roxburgh­
shire

Radnor
Radnor­

shire

Redesdale
North­

umberland

Brown Earth 8 32 40 _ 8 32 9 129
Peaty Podzol 30 — — — 8 — 14 52
Surface W. Gley — — 8 — 8 — — 16
Peaty Gley 45 7 8 40 12 — 13 125
Deep Peat 5 9 8 16 8 — — 46

Total 88 48 64 56 44 32 36 368

Investigations o f  a  num ber o f  factors, w hich m ay These are  artificial drainage, intensity  o f  th inning,
influence trees’ stability , have been m ade a t th e  sam e initial p lan t spacing, d irection  o f  pull, and  g round
tim e as the studies o f  roo ting  in rela tion  to soil type, slope.



Chapter 3

G E N E R A L  SOIL A N D  SITE DES CRIPTIONS

3.1 M ineral Soils with Free N atu ral D rainage

3.1.1. B o u ld ers  a n d  Sh a t ter e d  R o ck  
E xtrem ely stony  soils a re  occasionally m et w ith 
consisting o f  large stones, boulders, and  shattered  
rock, w ith soil particles in  betw een them . T hey were 
found  in  low  hum m ocks a n d  ridges, on, o r a t  the 
foo t of, steep slopes, in  gullies and  on hill tops near 
rock outcrops. A reas o f  rounded  stones an d  boulders 
were found  on level areas a t th e  foo t o f steep slopes, 
an d  occasionally as terraces in  valley bo ttom s. N o  
com plete study w as m ade on  this type as it is n o t 
com m on, b u t som e sam ples w ere exam ined a t the 
sam e tim e as a study  o f  the  brow n earths.
3.1.2. F in e  S cree

T he soils o f  this type exam ined w ere com posed o f 
fine slate an d  shale fragm ents, m ostly less th an  1 inch 
in d iam eter, b u t w ith occasional larger pieces and  
som e stones. T here  w as som e fine soil in th e  upper 
layers, frequently  concentrated  in bands. T he m ain 
characteristic o f  th is type is the unw eathered na tu re  
o f  the roo ting  m aterial. O ne sam ple o f  eigh t trees 
has been exam ined on this type, w hich is, how ever, 
quite rare.
3.1.3. B r o w n  E a rth s  a n d  P o d z o l ic  B r o w n  E a rth s  
A s indicated  in T able 1, th is was th e  soil type m ost 
extensively studied , n o t so m uch because o f  its 
im portance, bu t because a large sam ple was requ ired  
fo r th e  tw o spacing experim ents studied  a t R ad n o r 
an d  a t C locaenog Forests.

T he soils o f  this type studied were all well drained, 
bu t th e  dep th  o f  perm eable soil varied greatly. 
G enerally , the depth  o f  soil over rock  o r  com pacted  
till decreased  as th e  g round  slopes increased, an d  
also as elevation increased. In  C locaenog F o res t in  
particu lar, increase in elevation was also associated 
w ith m ore p ronounced  podzolisation , an d  m any 
tran sitiona l soils betw een a  Podzolic B row n E arth  
and  peaty  podzol w ere encountered . H ow ever, unless 
a  d istinct pan  had  form ed, the roo ting  appeared  
sim ilar to  th a t found  in  B row n E arth , and  so these 
soils have been classed together.

T he soils o f  th is type have a  yellow-brown o r  red- 
brow n colour, and  little o r  no raw  hum us on the 
surface. Stones are  som etim es present, and  the soils 
a re  predom inantly  light textured. Flam e-like dis­
colorations are  frequently  present in th e  upper layers 
o f  the soil. T here are  no ab ru p t co lour changes dow n 
the profile. T he colours becom e paler w ith depth , and  
sm all yellow-brow n specks are  often visible in this 
region. In podzolic B row n E arths the A horizon is 
usually darker brow n th an  the B horizon beneath, 
due to  a  fairly high organic m atte r con ten t, a lthough

individual sand  grains m ay be bleached w hite. In 
no rm al B row n E arth s there  is usually  less organic 
m aterial in  the A  horizon , an d  it is less clearly defined 
from  the underly ing  B horizon. T he B horizon  o f  the 
podzolic B row n E a rth  is a  richer, m ore red-brow n 
co lou r th an  th a t o f  the norm al brow n earth .

Such soils will be found  on  m odera te  slopes, and  
on  the  low er slopes o f  valley sides, and  in areas 
w here the d rift is ligh ter textured , o r w here no  drift 
occurs an d  th e  underly ing rock  is perm eable. They 
a re  presen t in all the  forests studied , though  no 
S itka spruce have been pulled over on these soils 
in K ielder Forest.

3.2 P eaty  Podzols and P ea ty  Gleyed Podzols

These soils have been encountered  in all the  forests 
w here studies w ere m ade, b u t detailed  investigations 
w ere m ade in  only th ree forests (see T ab le  1).

T he soils have a  peat layer on  th e  surface w hich 
m ay be from  3 to  15 inches deep. Below this the A  
horizon  is reached, b u t m ay also be m ottled  above 
th e  p an , w hich appears a t the to p  o f  the B horizon. 
T he p an  m ay o r m ay n o t be con tinuous, b u t the 
co lou r change betw een the A an d  B horizon  is 
alw ays ab ru p t an d  is usually  m arked  by a  d a rk  line. 
T he B horizon  is well d rained  and  typically is a 
b righ t yellow -brow n o r  red-brow n colour.

T his soil type occurs m ost com m only  a t elevations 
above 1,000 feet, e ither on  w ell-drained hum m ocks, 
o r  over perm eable till o r  rock. T he vegetation is 
usually  dom inated  by heather, Calluna vulgaris, o r 
N ardus stricta  grass in N o rth  W ales, b u t m ore often 
by M olinia caerulea grass in  the B order region.

3.3 Soils with Im peded D rainage and Heavy
Textured Sub-soils

3.3.1. Su r fa c e  W a ter  G leys 
In  b o th  areas w here th is so il type w as studied  (see 
T able 1) the underly ing m aterial is heavy textured  
drift, largely im pervious to  w ater. T he A  horizon  is 
usually  loam y in tex ture  and  perm eable, b u t th e  dull 
grey co lour w ith rusty m ottling  indicates th a t w ater 
m ovem ent is inhib ited  by the relatively im pervious 
subsoil. T he upperm ost layer is darkened  w ith the 
high con ten t o f  w ell-decom posed organic m ateria l; 
the  subsequent loam y layer is low er in  hum us and  
very pale grey. T he colour, tex ture  an d  s tructu re  
change to  the subsoil (B horizon) is ab rup t, th is being 
a m ottled  yellow and  grey. I t becom es less wet w ith 
dep th  and  the m ottling  decreases in intensity  as the 
paren t till is approached . T he vegetation character­
istically includes m uch Deschampsia caespitosa and  
Juncus effusus.

9
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3.3 .2 . P ea ty  G leys

A  large p ro p o rtio n  o f  th e  S itka spruce p lan ta tions 
in the B orders an d  in  N o rth  W ales are  s itua ted  on  
soils o f  th is type, an d  hence (as ind ica ted  in  T able 1) 
it has been well represented  in the ro o t sam ples.

T he term  peaty  gley is used fo r im peded surface 
w ater soils w ith a peat accum ulation  up  to  24 inches. 
T he trees sam pled w ere found  on  a full range o f 
p eat dep ths from  6 inches to  24 inches; b u t in  fact 
75 %  o f  trees sam pled were fo u n d  on  ab o u t 12 inches 
o f  peat. T he  pea t is typically d a rk  brow n to  black, 
well decom posed an d  relatively fertile. I t  is often 
referred  to  as “M olinia  p ea t” due to  the characteristic 
dom inance o f  th is species in  the  vegetation.

U n d er th e  peat, th e  u pper A  horizon  w ith  in ­
co rpo ra ted  hum us is usually  only w eakly developed, 
bu t the  succeeding pale  grey horizon  is m arked. 
T he clayey B ho rizon  is m ottled  yellow an d  grey. 
T his sub-soil is frequently  referred  to  as “ clay” bu t 
it was found  th a t w hile heavy textured  soils p re­

dom inated , som e trees w ere grow ing on  qu ite  light 
tex tured  an d  even stony soils. These lighter soils often 
appeared  like clays w hen very wet.

3.4 Deep-peat Soils

T he Soil Survey has defined accum ulations o f  organic 
m ateria l deeper th an  24 inches as deep peat. This 
soil type w as studied  in  five different forests (see 
T able  1) a n d  usually the dep th  o f  the peat appreciably  
exceeded this. D epths o f  36 ins. were found  a t F orest 
o f  A e an d  C locaenog, an d  over 48 ins. a t  Beddgelert.

A ll the  sites studied  w ere basin  peats, an d  usually 
a t fairly high elevations. B o th  fibrous peats, usually 
associated w ith  Calluna, an d  b lack  am orphous peats, 
as found  under M olinia, were studied.

T he soils stud ied  are  considered to  be fairly 
representative o f  basin  peats an d  sim ilar to  the 
deep b lanket peat th a t occurs in  th e  w etter and  
up land  parts  o f  the tw o regions.



Chapter 4

DETAILS  OF S I L VI CU LT U RA L EXP ERIMENTS  
I N VE S T IG AT ED

4.1 Artificial Drainage
T here is un fo rtunate ly  only one drainage ex­
perim ent w ith  deep drains, o ld  enough, and  w ith a  
su itable crop  fo r tree-pulling investigations. This 
experim ent w as laid  dow n in 1949 a t K ielder to  
study th e  effect o f  d ra in  deepening on  a th icket stage 
crop, o n  a  peaty  gley soil.

T he experim ent (K ielder N o . 54) lies on  th e  edge 
o f  a  large basin, so th a t the w hole area  is covered w ith 
peat, varying in  dep th  from  6 inches ro u n d  the 
edges to  ab o u t 24 inches in th e  basin.

T he tree  crop  was originally  p lan ted  on  turfs cu t 
from  shallow  (approxim ately  6-inch) “ d ra in s” a t 
15 ft. spacing, laid  o u t in  a  herring-bone pattern . 
W hen it was 19 years o ld  an d  25-30 ft. tall, p lo ts 
were m arked  o u t extending across three o f  these old 
d rains (i.e. 45 ft.) an d  in  every a lternate  p lo t the 
d rains w ere deepened to  24 inches.

Since the d rains are  barely 2 ft. deep, an d  their 
angle to  the co n to u r is frequently  as m uch as 40°, 
they w ould  n o t be accepted as being fully efficient by 
p resent day  standards. These defects are  p robab ly  
overcom e to  som e extent by the close spacing o f the 
d rains (15 ft.).

Tw o plots w ith deepened drains, an d  tw o w ith 
ju s t the original tu r f  “ dra ins” , were chosen, so as to  
have one o f  each pair on  deep peat (24 inches plus) 
and  one on  shallow  peat (6 inches). R andom ly  
selected sam ples o f  eight trees were then  pulled over 
in each o f  these four plots.

4.2 Initial Planting Spacing
A  large series o f  spacing experim ents was laid  dow n 
in forests scattered all over the coun try  in 1935; 
m ost o f  them  are  still required  fo r assessm ent of 
yield o f  tim ber, an d  therefore they are  n o t available 
fo r tree-pulling experim ents. Tw o experim ents from  
this series were, how ever, available fo r tree pulling 
studies, b u t these are  b o th  on  well drained  soils. 
U n fo rtunate ly  no experim ents on wet soils are 
available a t present.

T he experim ents had  half-acre, o r bigger, u n ­
replicated  p lo ts, w ith trees p lan ted  a t 3 by 3 ft., 
41 by 4j- ft., 6 by 6 ft., an d  8 by 8 ft. O ne experim ent 
a t R ad n o r F orest had  been th inned , tw o plo ts once, 
and  tw o twice. T he p lo ts a t C locaenog F orest had  
n o t been th inned  when the eight sam ple trees were 
pulled  over in  each plot.

T he soils in b o th  experim ents are ra th e r variable, 
m ainly in  the dep th  o f  roo tab le  soil, bu t a t C locaenog 
there was also variation  in the degree o f  podzolisation

betw een plo ts, an d  up  to  8 inches o f  peaty  m aterial 
w as encountered  locally.

4.3 Thinning

T here a re  very few com parative th inn ing  experim ents 
w here it is possible to  study  the effect o f  th inn ing  on 
ro o t developm ent by distinctive assessm ents. H ow ­
ever, a t K ielder F o res t there was a  series o f  fou r 
sam ple p lo ts, w hich h ad  been la id  dow n in 1948 to  
exam ine th e  effect o f  heavy early  th inn ing  on  the 
stab ility  o f  th e  crop  w hen it reached pole stage.

T hree o f  these p lo ts w ere com parab le  an d  could  be 
used fo r tree-pulling studies, b u t the fou rth  was n o t 
used because it  was sited in  a different place, and  had  
suffered badly  from  w ind-dam age, so  th a t sam ple 
trees w ith com parab le  roo ting  cond itions were 
difficult to  find. T he soil type in  the three plots 
actually  used is a  peaty  gley.

T he crop  is S itka spruce, p lan ted  in  1934, an d  the 
orig inal p rescrip tion  was to  rem ove one-th ird  o f  the 
num ber o f  trees a t  each th inning. T he first p lo t was 
th inned  in  1948 w hen 14 years o ld  and  18 ft. top  
height. I t  was then  given its second th inning, 3 years 
la ter, w hen th e  second p lo t received its first th inning, 
a n d  b o th  these p lo ts were th inned  again  3 years later, 
w hen the th ird  p lo t received its first. This process 
was repeated  on  a 3-year cycle un til 1960, w hen 
som e w ind dam age occurred. T he first p lo t to  be 
th inned  had  by then  had  5 thinnings. T he to p  height 
o f  th e  p lo ts w hen the pulling was done in 1964 was 
approxim ately  40 ft., and  by this tim e w ind-dam age 
h ad  becom e so severe th a t all th e  p lo ts were ab an ­
doned. T he m ost recently  th inned  p lo t was n o t used.

4.4 Directional Stability

I t  has often been suggested th a t trees build  up  
resistance to  the prevailing w ind, an d  th a t in  B ritain  
trees should  be m ore resistan t to  south-w esterly 
storm s than  those from  o th er directions. A n ex­
perim ent designed to  exam ine this theory  was 
carried  o u t a t F orest o f  Ae. I t  actually  form ed p art 
o f  the basic assessm ent fo r the experim ent A e N o. 32 
established in  1962, w hich was being laid  dow n to  
exam ine the effect o f  various sizes o f clear-felled 
areas on  th e  subsequent w ind-dam age in  the 
su rround . T he p lo ts used were circular, and  ranged 
in area from  10 acres to  0-1 acres.

I t was decided to  investigate the relative stability  
o f  the m argins o f these p lo ts before felling, in o rder 
to  ascertain  w hether any parts o f  th e  m argin  were

11
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appreciably  less stab le  th an  others. T his was done 
by pulling over trees ro u n d  the in tended  m argins, 
parallel to  the rad ii o f  the circu lar plots.

W ork ing  ro u n d  th e  perim eter o f  th e  circles, 
a lte rna te  trees were pulled tow ards the centre and  
aw ay from  it so th a t the 64 trees w ere pulled over a t 
all com pass bearings w ith ab o u t 7° intervals. T he 
soils varied appreciably  ro u n d  the circles from  peaty 
podzols th rough  peaty gleys to  deep peat.

4.5 Ground Slope

A nother aspect o f  d irectional stability  is the ability 
o f  trees to  w ithstand  upslope o r dow nslope winds, 
an d  it was considered th a t th is could have a bearing 
on  the incidence o f  w ind-dam age.

A  sm all com parative tria l was therefore carried  
ou t a t B eddgelert in one o f  the B row n E arth  sam ple 
areas, w hereby a sam ple o f  eight trees was pulled 
over uphill, an d  an o th e r sim ilar sam ple dow nhill.
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Plate 4. An exam ple o f  a root system  o f Sitka spruce grow ing on a very d ry  stony soil at B cddgclcrt 
Forest, C aernarvonshire. N ote the callouses and  d is to rtion  o f the roots, thought to  be caused by 
ab ras ion  on the sharp  stones, an d  the alm ost com plete absence o f fine roots which have died back.
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Plate 14. R oo t system, Type A, plan (see Plate 13). N o te  the small num ber oT lateral roots and  their 
rap id  taper.
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Plate 20. T he tree-pulling technique in operation . N ote the dynam om eter and w inch near the m an ’s 
fe e t; the spacer and  tw o snatch  blocks on the ancho r tree in the b ack g ro u n d ; and  the tree being pulled 
over ju s t visible in the top  left hand co rner o f  the pho tograph . In this instance a chain  sling and 
holdfast were used (right).



Chapter 5

RESULTS OF THE ROOT STUDIES
5.1 The General Form of the Root System in Relation 

to Soil Type

5.1.1. M in er a l  S o ils  w it h  G o o d  N a t u r a l  
D r a in a g e

T he m ean roo ting  dep th  fo r the trees pulled  over on 
these soils types was 34-3 inches, rang ing  from  a 
m inim um  o f  12 inches a t R ad n o r to  60 inches a t 
N ew castleton, Beddgelert, an d  R edesdale. T he 
shallow est m ean  ro o t dep th  was 23-6 inches a t 
R ad n o r w here a com bination  o f  rock an d  a ttack  by 
the H oney  fungus, Armiliaria mellea, had  interfered 
w ith ro o t penetration . T he m axim um  site m ean roo t 
depth  was 44-9 inches a t Beddgelert. T ab le  2 a t the 
end o f  C hap ter 5.1 shows fuller details o f  the roo ting  
dep ths recorded.

S inker roo ts form ed the m ajo r p a rt o f  the ro o t 
system on  these soils an d  o n  m any trees the sinkers 
w ere clustered underneath  the stum p. A dditional 
sinkers were frequently  found  u nder lateral roots, 
bu t usually  near the  stum p (see P late 1). A t 
C locaenog, w here the soil was transitional betw een 
a  podzolic brow n earth  and  a peaty podzol, the 
sinkers were m ore widely d istribu ted  a long  the 
laterals, and  began to  resem ble the roo ting  pattern  
on  peaty  podzols w hich is described later.

T he only im portan t fac to r on  th is type w hich 
lim its the u ltim ate roo ting  dep th  is soil com paction  
o r  rock, w hich offer severe physical barriers to  roots. 
Som e roots h ad  penetra ted  quite fa r in to  very stony 
g round , an d  dow n fissures in  shattered  rock. These 
roo ts were frequently  d is to rted  and  had  callouses, 
p robab ly  as a  result o f  ab rasion  on  sh arp  edged  
rocks (see P late 4).

U sually  the sp read  o f  the la teral roo ts increased 
as roo ting  dep th  increased, bu t th e  tw o spacing 
experim ents show ed th a t the proxim ity  o f  neigh­
bouring  trees has a  very strong  influence on  the 
extent o f  la tera l roo ting  (see C hap te r 5.3.1.).

Very little  ro o t g rafting  o r  ro o t in terlocking was 
observed on these soil types. C rops w hich h ad  n o t 
been th inned  o r only slightly th inned , h ad  very 
narrow  ro o t systems. T his was particu larly  true  o f  
the sam ples a t F orest o f  A e a n d  N ew castleton. 
T he la teral roo ts show ed a  m arked  reduction  in 
d iam eter a t the p o in t w here sinkers descended, and  
the laterals tapered  rapidly.
5.1.2. P ea ty  P o d z o l s  a n d  P eaty  G leyed  P o d zo ls  
T he m ean depth  o f  roo ting  fo r trees grow ing on  this 
soil type was 26-1 inches (see T able 2). T he range o f  
roo ting  depths, from  14 inches to  50 inches, was 
sim ilar to  th a t in the brow n earths, b u t the m ajority  
o f  trees had  ro o t depths a t  the shallow er end  o f  the 
range.

Typically, the sinker roo ts were n o t clustered 
u nder the stum p as they were on  brow n earths, bu t 
w ere spaced along the la tera l roo ts. T his is illus­
tra ted  in P la te  5, show ing a  tree a t C locaenog.

T he am oun t o f  sinker ro o t penetra tion  seems to  be 
related  to  the s ta te  o f  developm ent o f  the pan , an d  to  
som e exten t to  the am o u n t o f  gleying ap p aren t in the 
A 2 horizon . T rees were frequently  found  w ith  roo t 
systems having one o r tw o sinkers w hich had  m ade 
good  dow nw ard  grow th w here the p a n  was alm ost 
absent, b u t w ith the  rem ainder o f  the ro o t system 
confined to  the pea t layer above the pan . Exam ples 
o f  th is partia l penetra tion  o f  the  pan  layer were 
observed in all forests w here this soil type was 
studied.

R oo ts w hich penetra ted  the pan  con tinued  dow n 
freely, except w here rock o r a com pacted  C  horizon 
restricted  them .

5.1.3. So ils  w it h  I m pe d e d  D r a in a g e  
(S u r fa c e-w a t e r  G leys a n d  P eaty  G leys)
These tw o soil types can be considered together, 
since the form s o f  the ro o t system s were sim ilar and  
the m ean roo ting  dep th  on bo th  soil types was the 
sam e a t 16-5 inches (see T able 2). T he range o f 
dep ths o f  roo ting  encountered  was from  8-36 inches, 
b u t the m ost com m on depths were from  12 to  18 
inches.

T he m ain  ro o t system  on these soils usually 
consists o f  large lateral roo ts form ing a  wide flat 
p la te  (see P late 6). T here are  a  large num ber o f  
lateral roo ts (5 to  9) rad ia ting  from  the stum p, and  
it w as observed th a t they d id  n o t taper m uch, 
frequently  extending 4 o r 5 ft. from  the stum p, before 
the d iam eter was reduced to  ab o u t -j inch.

R o o t in terlocking an d  ro o t g rafting  were found 
frequently  on  these soils, and  in som e cases tw o or 
th ree o th er trees were partia lly  pulled over w ith the 
sam ple tree. O ld th inn ing  stum ps were com m only 
found  grafted  in to  the ro o t system. R o o t grafting 
appears to  be particu larly  characteristic o f  peaty 
soils.

T he roo ting  dep th  tended to  decrease as the 
d iam eter o f  the ro o t p la te  increased, unlike the roo t 
systems in brow n earths, (see sections 5.1.1. and  
5.3.2). In  the F orest o f  A e even the shallow est 
roo ted  trees had  narrow  ro o t plates.

Sinker roo ts were found  on  these soils, bu t they 
w ere d istribu ted  along lateral roo ts ra th e r than  under 
the stum p. In  extrem ely w aterlogged soils, no 
sinker roo ts appeared  on the  la teral roo ts at all, but 
som e sinkers were found , where the soil was 
m arginally  drier, usually  on  slight slopes o r  knolls.

13
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These frequently  resem bled “ shaving brushes” , being 
sho rt stubby  sinkers w ith a m ass o f  dead  an d  dying 
fine roo ts a t the tip . D ay  (1963) records sim ilar death  
o f fine roo ts o n  w aterlogged soils.

O n peaty  gley soils, ro o t penetra tion  in to  the 
m ineral soil w as variable, and  appeared  directly 
related to  the w etness o f  the site. A t F orest o f  Ae, 
for exam ple, in  one sam ple o f  eight trees, six had  
ro o t system s less th an  12 inches deep, b u t tw o had  
roo ted  to  20 an d  24 inches respectively. These two 
trees w ere grow ing on  ra th e r steeper slopes where 
the soil was slightly drier. T he “ peaty  gley”  a t 
B eddgelert overlaid  a  fine shale scree, w hich 
influenced the soil drainage.

Sim ilar varia tions were found  in b o th  these soil 
types a t all forests (see T able 2).
5 .1 .4  D eep  P eat

T he average dep th  o f  roo ting  o f  sam pled trees 
grow ing on deep peat is 25-5 inches (see T able  2), bu t 
the range is considerable, as in all the o ther soil types 
except peaty  gleys. T he range o f  sam ples from  all

forests w as from  12 to  50 inches. T he shallow est 
roo ting  w as found  a t N ew castleton F o res t w here the 
m ean  fo r th e  sam ple was only 19-7 inches. The 
deepest roo ting  w as found  a t Beddgelert o n  a 
reddish-brow n pseudo-fibrous peat, w here som e 
artificial d rainage had  been carried  out.

T he w etness o f  the soil determ ined th e  roo ting  
dep th , as in  the peaty  gleys. M any ro o t systems 
penetra ted  to , an d  ceased at, a  definite level, w hich 
co rresponded  to  the dep th  a t w hich w ater was found  
in  sm all holes dug  in the peat (see Plates 7 and  8).

P late  9 show s im proved depth  o f  roo ting  close to  a 
drain . T he d ra in  w as situa ted  below the trees and  
w as therefore  hav ing  only a lim ited effect. In  very 
w et areas roo ting  was quite as shallow  as on  the 
peaty  gleys, b u t on  drier sites the typical form  o f the 
ro o t system  w as b o th  dow nw ards an d  outw ards. 
T here were no  large la teral roo ts b u t m erely heavy 
bu ttress roo ts, w hich inclined dow nw ards. These 
sinker ro o ts  te rm inated  in  a  m ass o f  fine roo ts, 
w hich spread dow nw ards like a  cone.

T able 2. M ean  R o o t in g  D epth s  in  I n c h es  o n  E a c h  S o il  T y pe  fo r  A l l  S am ples in  E a c h  F o rest ,
w it h  t h e  R a n g e  in  B ra ckets

FOREST
Soil
Type

Forest of 
Ae Beddgelert Clocaenog Kielder

New­
castleton R adnor Redesdale

Overall
Mean

Brown
earth

33.7(24-42) 44-9(30-53)
40.5(33-57)
33-6(27-40)
37-5(30-60)

40-5(27-54)
34-1(24-42) 
29-2(21-36)
35-2(27-48) 
35-2(21-48)

38-1(24-60) 30-7(18-36)
28.1(12-39)
28-5(24-36)
23-6(18-30)

35-0(15-60)

Forest
Sample
Mean 33-7 39-1 34-8 _ 38-1 27-7 35-0 34-3

Peaty
Podzol

27-7(18-36)
25-6(14-50)

— — --- 25-6(17-31) — 25-7(18-39)

Forest
Sample
Mean 26-6 _ _ _ 25-6 _ 25-7 26-1

Surface 
Water Gley — — 17-1(12-30) — 15-6(10-24) - - 16-3

Peaty Gley 19-2(12-36)
13-7t 8-24) 
12-3( 8-21)
14-4(10-17)

29-0(14-42) 18-5(12-27) 9-75(8-11)
15-0(12-18)
14-5( 9-18)
15-003-18) 
20-9(16-24)

17-0(10-25) 15-7(10-33)

Forest
Sample
Mean 14-9 29-0 18-5 15-0 17-0 _ 15-7 16-5

Deep Peat 22-6(15-27) 32-6(12-50) 24-7(12-33) 24-5(17-34)
31-1(21-36) 19-7(15-22) —

Forest
Sample
Mean

22-6 32-6 24-7 27-8 19-7 — 25-5
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5.2 The Effect of Drainage on the Root System

T he anaerob ic  conditions w hich arise follow ing 
prolonged  w aterlogging have a  very harm ful effect 
on  tree  roo ts, an d  are  alm ost certain ly  the cause o f 
dea th  o f  m ost o f  the fine roo ts th a t penetra te  in to  
the soil, p resum ably  during  periods w hen th e  u pper 
soil layers are dry. D ay  (1963) has recorded  sim ilar 
dea th  o f  fine roo ts on  w aterlogged soils.

In  the K ielder drainage experim ent, already 
described, increased roo ting  dep th  was recorded in 
th e  d rained  plots. T he difference in roo ting  depth  
co rresponded  closely to  differences in  w ater levels 
m easured in  boreholes in  1955. These borehole 
readings w ere unfo rtunate ly  n o t continued  un til the 
tim e o f  the tree pulling, bu t T able 3 shows the 
available da ta . F o r  details o f  the borehole investi­
gation  carried  o u t see S tew art (1958).

T able 3. C o m pa riso n  o f  R o o t in g  D e p t h  a n d  B o reh o le  W a ter  L evels in  K ield er  D ra in a g e

E x pe r im e n t  54/49.

Series Peat depth Treatment
Mean depth o f  
water level 1955

Mean root 
depth 1961

I 24 in. Drained 211 in. 31-1 in.
II 24 in. Undrained 14-9 in. 24-5 in.

III 6 in. Drained 18-9 in. 20-9 in.
IV 6 in. Undrained 15-2 in. 15-0 in.

O n peaty gley soils in o ther forests, deeper roo ting  
occurred  w here the n a tu ra l drainage was better, 
because o f  steeper g round  slope o r lighter soil 
texture. T his gives considerable hope th a t trees will 
respond  to  artificial d rainage, if it can  be done 
intensively enough  to  e lim inate surface w ater­
logging. See T able  2— range o f  roo ting  depths on 
peaty  gleys.

5.3 The Effect of Initial Spacing and Thinning 
on Root Development

I t is un fo rtu n a te  th a t few sites are available to  
m ake detailed studies o f  the effects o f  spacing and  
th inn ing , since the w ork  done to  date  suggests th a t 
the effects o f  these treatm ents a lte r according to  
soil type.

5.3.1. S p a c in g

T he tw o spacing experim ents started  were on 
m oderately  freely dra in ing  soils, and  roo ting  depth

was betw een 2 and  3 ft. T he dep th  w ould probably  
have been greater, bu t o n  bo th  sites the rock  was 
near the surface.

T he C locaenog experim ent had  n o t been thinned, 
an d  it was still a t the orig inal p lan ting  spacings o f 
3, 41, 6 an d  8 ft. T he m ean tree height o f  the plots 
was ab o u t 40 ft. T he R ad n o r experim ent, on the 
o ther hand , had  been th inned , tw o plots once and 
tw o p lo ts twice, to  average spacings o f  51, 81, 11 
and  13 ft. T he  m ean tree height o f  the p lots was 
46 ft. T he  soil conditions a t R ad n o r were fairly 
un iform , b u t there was considerable variation  in  the 
form  o f  the  ro o t systems. R ing counts were m ade 
o f  the sinker ro o ts  as an  add itional observation, to  
see w hether the varia tion  was due to  differences in 
the age o f  roots.

In  b o th  experim ents the m ean d iam eter o f the roo t 
plate  pulled ou t varied  according to  the spacing. In 
the un th inned  p lo ts the roo ting  d iam eter was 
slightly greater th an  the spacing. In  the th inned 
plots the d iam eter o f  the ro o t plate  was less th an  the 
spacing, (see T able 4).

T able  4. T h e  M ean  R o o t  P late  D iam eter , Stem  D iam eter  a n d  H eig h t  fo r  th e  Sa m ple  o f  E ig h t  
T rees P u lled  O ver in  th e  T w o  S p a c in g  E x perim ents

CLOCAENOG RADNOR

Original
Spacing

Root
Diam.

Root
Dep. Ht. B.H.

Diam.
Average 
Spacing

Root
Diam.

Root
Dep. Ht. B.H.

Diam.
Years since 

lr l Thinning

3 ft. 4-2 ft. 34-1 in. 42-0 ft. 6-6 in. 51 ft. 5-2 ft. 30-7 in. 47-2 ft. 6-9 in. 8
41 ft. 5-0 ft. 29-2 in. 40 0 ft. 6-7 in. 81 ft. 6-6 ft. 28-1 in. 47-4 ft. 7-6 in. 8
6 ft. 6-2 ft. 35-2 in. 39-5 ft. 7-6 in. 11 ft. 6-2 ft. 28-5 in. 46-5 ft. 8-1 in. 4
8 ft. 7-6 ft. 35-2 in. 36-0 ft. 7-8 in. 13 ft. 8-7 ft. 23-6 in. 40-1 ft. 9-2 in. 4
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In  b o th  experim ents the sinker roo ts o f  trees in  
the closest spaced plo ts were located  under the 
stum ps, a n d  the ring  coun ts a t R ad n o r suggest th a t 
these roo ts grew dow n very soon  after planting , 
(see P late 10 an d  T able  5). In  con trast th e  trees in  
the w ider-spaced p lo ts d id  n o t have the sam e core 
o f  large sinker roo ts under the stem , bu t h ad  sm aller 
sinkers grow ing dow n from  the la teral roo ts (see 
P late 11). R ing  coun ts suggest th a t these sinker 
roo ts d id  n o t s ta rt grow ing un til the  trees were 
8 -10  years o ld  (see T able  5). T he trees had  29

grow ing seasons before they  w ere pulled  over, an d  
w ere 4 years o ld  w hen p lanted .

R ecords o f  the experim ent show  th a t th e  tim e 
intervals betw een canopy  closure in the fou r p lo ts were 
very sim ilar to  the  differences in  age o f  the  sinkers.

T he differences in roo tin g  dep th  betw een the four 
p lots a t R ad n o r can  be a ttrib u ted  to  varia tion  in  the 
dep th  o f  ro o tab le  soil over the  rock, an d  is no t 
likely to  be an effect o f  spacing.

A n analysis o f  variance show ed th a t the differences 
w ere n o t significant statistically.

T able 5. Su m m a ry  o f  S in k e r  R o o t  R in g  C o u n t s  a t  t h e  R a d n o r  S p a c in g  E x pe r im e n t . (T h e  c o u n ts

WERE MADE WHERE THE SINKER ORIGINATED FROM THE STUMP.)

Original Spacing

3 f t .  x  3 f t . 4Ut -  x  4 i f t . 6 f t .  x  6 f t . 8 f t .  x  8 f t .

Mean number of rings— 
all sinkers

25 23 20 17

Mean number of rings in 
oldest sinker

28 25 23 19

Mean diameter o f sinkers 2-5 in. 2-8 in. 2-5 in. 2-6 in.

Mean rooting depth 30-7 in. 28-1 in. 28-5 in. 23-6 in.

5.3.2. T h in n in g

T he results from  the K ie lder th inn ing  experim ent, 
w hich was on  a  pea ty  g ley  soil, show ed a m arked  
con trast to  those o f  th e  spacing  experim ents described 
above.

T he th ree  plots exam ined had  been th inned  a t 14, 
17 an d  20 years o f  age. T he m ean spacing between 
th e  trees, an d  th e  m ean ro o t d iam eter and  dep th  are 
given in T able  6.

T able 6. T h e  M ean  R o o t  P la te  D ia m eters , R o o t  D e p t h s , Stem  D iam eters  a n d  H eig h ts  fo r  th e

SAMPLE OF EIGHT TREES PULLED OVER IN EACH PLOT OF THE KlELDER THINNING EXPERIMENT

(R t. dep th : D iff. fo r Sig. a t 1 % = 3 -4 8  a t 5 % = 2 .4 5  in.)

Effective 
Spacing (ft.)

Rooting 
Diameter (ft.)

Rooting
Depth Ht.

Breast-height
Diam.

Years since 
first thinned

8-5 8-2 15 0 in. 36-5 ft. 7-5 in. 10
100 9-2 13-2 in. 40 0 ft. 9-3 in. 13
120 13-2 9’8 in. 37-5 ft. 8-9 in. 16

T he la teral sp read  o f  th e  ro o t system s is very large, 
alm ost equalling  the space betw een trees, bu t the 
dep th  o f  roo tin g  dim inishes as the spread increases. 
A  ‘t ’ test show s the differences in roo ting  betw een 
the extrem e trea tm en t to  be highly significant, a n d  
the m iddle trea tm en t is significantly different from  
the m ost widely spaced. T his supports the com m ents 
m ade in parag raph  6.1.3 abou t roo ting  on  soils w ith 
im peded d ra inage; i.e. la teral sp read  increases as 
dep th  decreases. T he causes fo r this are  no t know n, 
bu t it m ay be related  to  the soil m oisture, an d  the

effect o f  th e  crop  on  in tercep tion  an d  tran sp ira tion
In  the early  life o f  the crop, the g reater canopy 

density  a t closer spacings m ay have a  correspondingly 
greater drying effect on th e  site an d  therefore 
encourage greater dep th  o f  rooting .

I t  is in teresting  th a t such sm all differences in 
roo tin g  dep th  on  peaty  gleys should  be significant, 
since this indicates great un iform ity  o f  conditions 
w ith in  th e  p lo ts, as opposed  to  the  m ore variable 
sam ples on  the brow n earth , w here relatively large, 
differences w ere n o t significant.
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T he relationsh ip  betw een the m ean crow n diam eter 
an d  th e  m ean ro o t p la te  d iam eter was found  to  
differ on  B row n earths an d  Peaty gleys. O n bo th  
soils crow n diam eter increases as crops get older, 
an d  as spacing betw een trees increases, b u t as 
F igure  4  show s, ro o t p la te  d iam eter increases m ore 
rapidly  on  Peaty gleys th a n  B row n earths.

5.4 The Directional Development of Roots in
Relation to Prevailing Wind and Ground Slope

T he 64 sam ple trees pulled over to  study directional 
stab ility  were grow ing on  th ree soil types: peaty  
podzol, peaty  gley, an d  deep peat. As there were 
only 5 trees on  the deep peat, they were included 
w ith the peaty  gleys. A  study  was m ade to  determ ine 
w hether resistance to  overth row  varied w ith direction 
o f  pull, and  w hether any varia tion  was associated 
w ith soil type.

T he results show ed th a t variation  o f  the m easured 
tu rn ing  m om ents w as large, b u t was independent 
o f  the d irection  o f  pull, and  th a t soil type and  roo ting  
dep th  had  a greater effect on  the  resistance. O bser­
vations on  the ro o t system s d id  no t reveal any 
tendency fo r m ore o r bigger roo ts to  be developed 
on any side, even to  the lee side o f  the prevailing 
south-w est w ind.

S tudies a t B eddgelert on  the effect o f  slope 
revealed a  sim ilar lack o f  m easurable difference in 
tu rn in g  m om ent betw een trees pulled uphill and  
dow nhill. H ow ever, th e  general form  o f  the roo t 
system  had  been m ore obviously affected by the 
slope. T he  slopes w here the test was m ade exceeded 
15°, an d  here  there was a  m arked  tendency for the 
la teral roo ts to  be concentrated  on the dow nhill 
side, an d  fo r w ell-buttressed sinkers to  grow  on the 
uphill side (see P late 12).



Chapter 6

OTHER RESULTS O B T AI NE D D U R I N G  THE  
IN V ES T IG AT IO N

6.1 Results of the Measurement of Turning 
Moment

T he m axim um  tu rn in g  m om ent a t th e  base o f  the 
tree was calculated  fo r each tree (as described in 
C hap te r 1), an d  regressions o f  m om ent against stem  
w eight m ay be p lo tted  fo r each sam ple o f  trees.

T he regressions do  n o t differ significantly between 
sam ples on  the sam e soil type, even w hen they are 
in different forests, and  the regressions are  signifi­
cantly  different betw een soil types.

T he sm all am o u n t o f  d a ta  has necessitated th e  use 
o f stra igh t line relationsh ips, b u t it seems clear th a t 
curves w ould often  fit th e  d a ta  better. T here  are  also 
several o ther factors, w hich are  highly co rre la ted  
w ith each other, such as dep th  an d  spread o f rooting , 
w hich need to  be considered.

F igure 5 show s th e  m ean regressions calcu lated  
fo r seven different sites. T he brow n earths have been 
show n as tw o lines, representing  deep an d  shallow  
versions, an d  the peaty gleys and  deep pea t have been 
sp lit according to  peat depth.

I t  can  be seen from  these regression lines th a t the 
tu rn ing  m om ent increases rapid ly  w ith  tree  size on 
deep brow n earths, b u t th a t w here rock  m akes the 
soil shallow  the line is flatter. T his indicates th a t big 
trees on  shallow  brow n earths are  apparen tly  no 
m ore resistan t th an  large trees on  surface w ater 
gleys an d  th e  deeper peaty gleys. T he lines also show  
th a t, in  general, resistance to  overthrow  becom es 
greater as peat dep th  increases.

Regressions fo r peaty  podzols have n o t been 
show n because th e  varia tion  in  tu rn ing  m om ent was 
fo u n d  to  be considerable, and  a t N ew castleton  the 
line h ad  a negative slope. This w as probably  due to  
the greater variability  in  roo ting  dep th  dependent on 
w hether trees had  penetra ted  the pan .

I t  is possible to  m ake estim ates o f  susceptibility to 
w indthrow  from  these regression lines, and  th is is 
dealt w ith in detail in the A ppendix.

6.2 Measurements of Root Weight and its 
Relation to Stem Weight

A t N ew castleton , w here the m ost recent and  
com prehensive study has been m ade o f  roo ting  in 
re la tion  to  soil type, ro o t system s w ere cleaned o f 
soil an d  then  weighed, and  som e in teresting  com ­
parisons o f  ro o t/sh o o t ra tio  w ere obtained.

By ‘sh o o t’ in  th is con tex t is unders tood  the to ta l 
w eight o f  stem  a n d  crow n as defined in C hap ter 1.

I t  w as found  th a t the ra tio  o f  the w eight o f  ro o t to  
the w eight o f  sh o o t increased from  a  m inim um  on 
the well d rained  m ineral soil to  a  m axim um  on  the 
deep peat. T he differences w ere n o t quite large 
enough  to  be significant betw een each g roup , b u t the 
ra tio  fo r “ brow n ea rth ” soil was significantly 
different from  those o f  th e  o thers. A n analysis o f 
variance also show ed th a t the difference between 
soils accounts fo r a  highly significant p ro p o rtio n  of 
th e  varia tion .

T able 7. M ean  R o o t /S h o o t  R atios  fo r  E a c h  So il  T y pe  a t  N ew ca stleto n

Soil Type 
1

Rt. wt.

Standard Error 
3

Yield Class 
(Av.)

4
Stem wt. 

2

Brown earth •383 4- -034 180
Surface water gley •488 ±  040 140—160
Peaty gley •543 ±  -041 140
Peaty podzol and

peatv gley podzol •580 -t -062 140
Deep peat •612 ±  -057 120—140

Difference for sig. 5 % ■14
1% •18

T he peaty  podzol figures are  the m ost in teresting  
in  this series, having a  high m ean ro o t/sh o o t ratio , 
w ith a high variance. This follow s th e  p a tte rn  of 
varia tion  in roo ting  generally found  on  this soil type.

T he ra tios are  n o t directly re la ted  to  any 
m easurable roo tin g  characteristic  such as dep th  o r 
spread. A  subjective classification o f  the sites studied, 
indicates th a t the ro o t/sh o o t ra tio  is low est on  the

18
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m ost productive site and  highest on  the least p ro ­
ductive site (see C olum n 4, T ab le  7).

In  the spacing experim ents a t R ad n o r and  C locaenog 
the ro o t/sh o o t ra tios were calculated  in a  sim ilar way. 
T he results show ed th a t spacing has n o  significant 
effect on  the  ra tio , a lthough  the ra tios o f  crow n weight 
and  stem  w eight vary considerab ly  (see T able 8). B oth

sites co rresponded  approxim ately  to  Y ield Class 160.
T he d a ta  in T ab le  7 suggest th a t the less fertile the 

site, the greater will be the p ro p o rtio n  o f  the tree’s 
to ta l w eight m ade up  by roo ts, an d  therefore  no t 
exploitable. T here is, how ever, no  w ay o f  telling as 
yet w hether artificial site im provem ents such as 
drainage an d  fertilising can reverse this trend.

T a b l e  8 . T h e  e f f e c t  o f  s p a c in g  o n  M e a n  R o o t /S h o o t  R a t io s , a n d  M e a n  C r o w n  w t . /st e m  w t .
r a t io s  f o r  C l o c a e n o g  a n d  R a d n o r .

Spacing
and

Forest
Mean Stem wt. 

lb.
Mean Crown wt. 

lb.
Mean Root wt. 

lb.

R t. wt. Crown wt.

Total shoot wt. Stem wt.

3 ft. x  3 ft.
Clocaenog 289 119 113 •27 •41
Radnor 378 113 140 •28 •30

4} ft. x  4± ft.
Clocaenog 288 124 199 •29 ■43
Radnor 446 150 160 •27 •34

6 ft. x  6 ft.
Clocaenog 351 201 150 •27 •57
Radnor 499 167 210 •31 ■33

8 ft. x  8 ft.
Clocaenog 345 233 175 •30 •68
Radnor 566 301 276 •32 •53



Chapter 7

D I S C U S S IO N

7.1 The Influence of Soils and Rooting on 
Silvicultural and Management Prescriptions

T he results have show n th a t the  soil type plays a 
m ajo r p a rt in determ ining the fo rm  o f  the  ro o t 
system  o f  S itka spruce, and  th a t th rough  this it will 
affect the stability  o f  trees. T he soil cond ition  is the 
basic fac to r w hich determ ines the susceptibility to  
being blow n over. G iven good  roo ting  conditions, 
such as are  found  on  a  deep brow n earth , S itka 
spruce is m ost unlikely to  suffer from  u p  roo ting . I t 
appears, how ever, th a t there m ay be a  risk  o f  w ind ­
break, if close-planting o r light o r delayed th innings 
have depressed stem  girth  grow th. T he volum e 
increm ent, on  any site appears to  be a t least partly  
determ ined by the  developm ent o f  roo ts, relative to  
the stem .

T he results suggest th a t fo r op tim um  stability  on 
brown earths the  crop  should  be widely spaced a t 
p lan ting  an d  kep t open by heavy th inning, in  o rder 
to  encourage the developm ent o f  a good  la tera l ro o t 
system  to  supplem ent the sinker roo ts, w hich Sitka 
spruce will develop naturally .

T he evidence is clear th a t the pan , in pea ty  podzols, 
presents a  definite barrie r to  dow nw ard  roo ting . 
W here the pan  is well defined, ro o t penetra tion  will 
be prevented, b u t w here the p an  is less well form ed, 
ro o t penetra tion  m ay be m erely delayed. T herefore 
it is im p o rtan t th a t these soils be recognised where 
possible before p lanting , an d  th a t tine  p loughing 
shou ld  be carried  ou t, to  ru p tu re  the p an  an d  allow  
roo ting  in to  the perm eable B horizon. These rem arks 
only apply  to  the  type o f  peaty podzol found  in  the 
regions studied, w here the B horizon is perm eable, 
and  do no t necessarily apply to  the h a rd  heaths in 
E ast S cotland, an d  the N o rth  E ast o f  E ngland, 
w here the B horizon  m ay be unpenetrab le  to  roots.

O n surface water gleys, pea ty  g leys  an d  deep peat, 
im proved drainage is essential in o rder to  allow  full 
ro o t developm ent, an d  it seems m ost likely th a t 
greater volum e p ro duc tion  will also be achieved. 
T he lim ited evidence available concerning the 
response to  im proved d rainage suggests th a t S itka 
spruce will ro o t deeply in these soils if w aterlogging 
is elim inated, an d  the soil conditions thereby 
im proved.

T he risk o f  w ind-throw  will be high on  these three 
soil types, w henever shallow  roo ting  is consequent 
upon  p o o r drainage. W ide spacing o r heavy th inn ing  
w ithout drainage will stim ulate lateral ro o t develop­
m ent, bu t apparen tly  a t the expense o f  roo ting  depth  
(see C hap ter 5.3.2). T here is no  suggestion th a t 
wide spacing o r heavy th inn ing  will by themselves 
im prove the stability  o f  crops on  these soil types.

C ultivation , drainage, spacing an d  th inn ing  
prescrip tions should  therefore  all be related  closely 
to  soil type, as well as to  species, rainfall, slope etc.

7.2 Forecasting of Wind-damage
I t  is im p o rtan t th a t a  forest m anager shou ld  be able 
to  forecast the  likelihood  o f  w ind-dam age w ith som e 
precision, so th a t su itab le  allow ances can  be m ade 
w hen p reparing  m anagem ent system s an d  p roduction  
forecasts.

T he frequency o f  occurrence, an d  th e  intensity  o f 
storm s in  different parts  o f  the country , will o f  
course influence th e  ac tua l date  w hen any  stand  is 
dam aged.

O bservations o f  the tree height a t  w hich crops on 
sim ilar soil types are  dam aged, will enab le  som e 
estim ate to  be m ade o f  the height w hich younger 
crops m ight a tta in , on  the sam e soil type an d  w ith 
sim ilar exposure.

Soil type an d  exposure a re  the m ost im portan t 
factors affecting stability , p o o rer soils, especially 
peats, being frequently  found  in m ore exposed areas. 
I t  is therefo re  helpful to  d raw  som e a rb itra ry  
d istinction  betw een exposed an d  sheltered sites, since 
trees will grow  ta ller before being dam aged  on 
susceptible soils w hen situa ted  in sheltered areas.

In  the p rep ara tio n  o f  a  forecast o f  w ind-dam age 
susceptibility a t K ielder, the  forest w as divided into 
three zones o f  exposure; very exposed, approxim ately  
above th e  1,000 ft. c o n to u r; m oderately exposed, 
betw een the 750 ft. an d  th e  1,000 ft. c o n to u r; and  
m oderately sheltered, below  th e  750 ft. con tou r.

O bservations o f  existing w ind-dam age, a n d  a 
know ledge o f  the d is tribu tion  o f  soil types w ithin 
such zones, w ill then  allow  estim ates to  be m ade o f 
the feasible ro ta tio n  length  o f  younger crops, as yet 
undam aged.

T he tree-pulling studies an d  field observations 
m ade to  da te  suggest th a t on  surface w ater gleys, 
peaty  gleys an d  deep peats, tree  crops are  unlikely 
to  exceed a  heigh t o f  ab o u t 50 ft. on  exposed hill top  
sites, an d  60 ft. on  less exposed valley side sites, 
before suffering severe w indblow .

W ind-dam age is unlikely to  occur on  brow n earths, 
deeper th an  ab o u t 24 inches, before the c rop  has 
reached an  econom ically  acceptable size, p rov ided  
th inn ing  is com m enced in early  pole-stage. O n very 
exposed sites som e w ind-dam age can be expected a t 
an  earlier stage.

T he prospects a re  th a t S itka spruce crops will be 
as stab le  on  peaty  podzols as on  brow n earths, bu t 
th a t crops m ay pass th rough  a  susceptible stage 
betw een 40 an d  50 ft. in  height.

20
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7.3 Classification o f R oot Systems

T he surface developm ent o f  the ro o t system  gives a 
general ind ication  o f  the dep th  an d  vigour o f  the 
sinker roo ts w hich canno t be seen unless the ro o t 
system  is exposed. U sually  deep roo ting  is associated 
w ith  a  few sho rt laterals, an d  shallow  ro o ting  w ith a 
large num ber o f  long laterals. Between these extrem es 
an  in term ediate  type can  be recognised.

T he follow ing th ree types a re  therefore  described 
briefly as a  rough  guide to  the assessm ent o f  ro o t 
cond itions by superficial exam ination .
Type A. N arrow -spread ; Deep root

This type is norm ally  associated w ith deep well- 
d ra ined  m ineral soil, o r  deep peat, an d  m ay be 
identified in  the forest by the dow nw ard inclination 
and  ab ru p t tap e r o f  the la tera l roo ts. Plates 13 and  
14 illustrate a  typical exam ple o f  th is type o f  roo t. 
This should  n o t be confused w ith the shape found  in 
tu rf-p lan ted  trees, w here the roo ts flatten  o u t after 
an  in itial dow nw ard  inclination . R em oval o f  the 
litter will clearly expose the type o f  rooting.

I t  is n o t possible to  estim ate the dep th  to  w hich 
roo ts have penetrated , w ithou t digging a  soil p it to  
determ ine the dep th  o f  perm eable soil. A  varian t o f

this type m ay be quite shallow  ro o ted  if  there  is no 
great dep th  o f  soil over rock, pan  o r com pacted  
layer (see P late  15).

Type B. Interm ediate root
T his type is norm ally  associated w ith  peaty 

podzols, an d  drier peaty gleys, an d  m ay be identified 
in  the fo rest by a predom inantly  surface ro o t system 
w ith  several long laterals. T he position  o f  sinker 
roo ts m ay be identified by sudden reductions in 
d iam eter in  the la tera l roo ts.

I f  the peaty  surface feels dry, and  a  soil p it show s a 
yellow -brow n— o r red-brow n B horizon , it is quite 
likely th a t sinker roo ts will be well developed (see 
Plates 16 and  17).

Type C. W ide-spread; Shallow roots
This type is alw ays found  on wet surface w ater 

gleys, peaty  gleys and  deep peat. W hen leaf litter 
an d  debris has been brushed  aw ay, large gently 
tapering  laterals m ay be observed rad iating  in all 
directions along the surface. These laterals will show  
no  sudden reduction  in diam eter. W here th is type o f 
la teral is observed, shallow  roo ting  is alm ost certain  
certa in  (see Plates 18 an d  19).



Chapter 8

C O NC LU S IO NS

Investigations o f  the root-developm ent a n d  stability  
o f  S itka spruce in  N o rth  W ales an d  th e  English- 
Scottish B orders lead  to  th e  follow ing general 
conclusions.
1. T he form  o f  th e  ro o t system  o f  S itka spruce is 
determ ined very largely by the soil type on  w hich it 
is p lan ted  (see C hap te r 5, 1). T his is closely in 
accord  w ith the w ell-know n observations o f  D ay  
(1963 an d  elsewhere).

a. O n  m ineral soils w ith  good n a tu ra l drainage, 
the species will develop deep sinker roo ts. T he 
dep th  o f  roo ting  is determ ined  by the  am ount 
o f  perm eable soil, over rock  o r com paction . 
T he la tera l ro o t developm ent is largely 
determ ined by th e  proxim ity  o f  neighbouring 
trees, bu t ro o t p la te  d iam eter tends to  increase 
as roo ting  dep th  increases. (See C hap ter 5.1.1).

b. O n peaty podzols, the dep th  o f  roo ting  
achieved will be very variable, depending 
entirely  on  the degree o f  developm ent o f  the 
pan . D ow nw ard  roo ting  m ay be delayed un til 
the tree crop  has dried  th e  surface. L ateral 
roo ts a re  generally m ore strongly  developed 
th an  on  brow n earths. (See C hap ter 5.1.2).

c. O n surface-w ater gleys, peaty  gleys an d  deep 
peat, the  dep th  o f  roo tin g  is determ ined by the 
dep th  o f  aera ted  soil. (See C hap ter 5.1.3. an d  
5.1.4).

2. A rtificial drainage o f  peaty gleys, an d  alm ost 
certain ly  the surface-w ater gleys and  deep peats, 
will result in  deeper roo ting . A  pole-stage crop  was 
show n to  have responded  to  intensive d ra in  
deepening. (See C hap te r 5.2).
3. T he influence o f  spacing an d  th inn ing  is different 
on dry  an d  w et soils. R esponse o f  la tera l ro o ts  to  
th inn ing  is slow  on  dry soils, b u t m ore rap id  on  wet 
soils. C lose spacing (3 ft.) results in  early  in itia tion  
o f  sinker roo ts on  dry soils, though  the effect in  
com parison  w ith  widely spaced (8 ft.) crops 
disappears by pole-stage. W ide spacing results in a 
reduction  o f  roo ting  dep th  on  wet soils. (See 
C hap te r 5.3. and  lc  above.)

I t  is though t th a t the density o f  young  (pre­
canopy stage) crops has a  m arked  influence on  the 
wetness o f  the surface layers o f  the soil. T he soil 
under denser crops is drier th an  u nder m ore open

ones, an d  the  roo tin g  deeper. H ence in crops of 
different in itia l espacem ents, there  is a  well m arked  
inverse re lationsh ip  betw een la teral sp read  an d  
dep th  o f  roo ting .

4. N o  difference in  form , o r  increase in  resistance to 
overthrow , w as m easured in  re la tion  to  com pass 
d irection . O n slopes g rea ter th a n  15°, the  la teral 
roo ts w ere concen tra ted  o n  the dow nhill side o f  the 
tree, b u t no  m easurab le  difference in  resistance to  
overthrow  w as detec ted  w hen trees were pulled 
upslope a n d  dow nslope. (See C hap ter 5.4).

5. T he resistance to  overth row  is rela ted  to  tree  size 
an d  soil type. Trees on the sam e soil type in  different 
forests show ed sim ilar resistances to  being pulled 
over. R esistances w ere significantly different betw een 
soil types. Trees on  deep b row n  earths a re  apprec­
iably m ore  stab le  th an  o th er so il types. L arge trees 
on  shallow  brow n  earths (30 in .) w ere appreciably  
less stab le  th a n  those  on  deep brow n  earths. Peaty 
podzols show ed considerable varia tion , re la ted  to  
ro o t p ene tra tion  o f  th e  pan . In  general, resistance 
to  overthrow  increased as pea t dep th  increased. 
(See C hap te r 6.1).

6. T he ra tio  o f  to ta l ro o t w eight: to ta l shoo t weight 
varied  w ith  th e  fertility  o f  the site. T he higher yield 
class h ad  a low er ra tio . (See C hap ter 6.2).

7. C ultivation , d rain ing , spacing an d  th inning 
trea tm en ts m ust be varied  accord ing  to  soil type 
in  o rder to  o b ta in  the  op tim um  developm ent o f  the 
ro o t system.

E ach  soil type requires certa in  special treatm ents, 
in  o rder to  reduce the risk  o f  w ind-dam age.

a . B row n earth s— w ide spacing, an d  heavy early 
th inn ing .

b. Peaty  podzols (w ith perm eable B2 H orizon)—  
T ine p loughing  to  ru p tu re  th e  pan.

c. Surface w ater gleys, pea ty  gleys an d  deep peat 
■—D eep drainage, an d  light th inn ing  in  o lder 
crops w hich can n o t now  be drained. (See 
C hap te r 7.1).

8. A  know ledge o f  the d is tribu tion  o f  soil types, 
com bined  w ith  estim ates o f  exposure fo r a  forest, 
will enab le  a useful forecast o f  w ind-dam age to  be 
prepared. (See C hap ter 7.2).
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A P P E N D I X

THE U N C E R T A I N T I E S  OF W I N D - D A M A G E  
IN FOREST M A N A G E M E N T

by A . I. F R A S E R

(P aper delivered to  the A nnual G enera l M eeting o f  th e  Society o f  Irish  F oresters, 
M arch  20th, 1965, an d  rep rin ted  in  Irish Forestry, Vol. 22, N o . 1, 1965, pp . 23-30.)

I n t r o d u c t io n

It is m ost undesirable  to  have th e  uncerta in ty  o f  
large scale w ind-dam age w hen preparing  long-term  
forest m anagem ent plans. L ooking  ahead , I  do no t 
th ink  th a t w ind-dam age will necessarily be in ­
evitable w ith in  acceptable econom ic ro ta tions in 
B ritain , bu t there are  m any areas where, in  the first 
ro ta tio n  a t least, w ind  will be the deciding factor. 
As a  first step, therefore, it is necessary to  be able 
to  recognise those sites w here w ind-dam age will 
occur, so th a t accoun t can  be taken  o f  them  in 
forecasting  p roduction , an d  decisions can be taken  
on  w hether o r n o t to  try  preventive m easures.

T he occurrence o f  storm s o f  sufficient strength , 
an d  w ith a  h igh frequency, is o f  course the basic 
requirem ent fo r w ind dam age, bu t there  seems little 
d o u b t th a t this cond ition  will be fulfilled in  m ost 
up land  parts  o f  B rita in , an d  probab ly  Ireland. 
W ind-dam age takes tw o form s, stem -break and  
uproo ting , so th a t it will occur anyw here w here 
cond itions are  such th a t the trees are  unab le  to  
develop the ir stem s o r roo ts fully.

There are  num erous ways in w hich the silvi­
cu ltu rist can  affect the developm ent o f  bo th  the roo ts 
an d  th e  stem s o f  trees, so th a t a  better understand ing  
o f  the  response o f  trees to  different treatm ents will 
help in deciding on  the m ost effective preventive 
measures.

M any factors are  involved in  th e  p rob lem  o f 
w ind-dam age, bu t studies over the past few years 
have indicated  th a t the m ain  concern is up roo ting  o f 
the spruces o n  poorly drained  soils, and  stem  
breakage o f  a range o f  species on freely d rain ing  
soils. M y ow n investigations have therefore been 
directed tow ards these tw o aspects, though  exceptions 
have been n o ted  w hen they occurred.

This division betw een freely dra in ing  an d  poorly 
d rained  soils is a  convenient one, and  it will, I hope, 
becom e apparen t th a t it is m ost im portan t to  be able 
to  recognise these soil types and  trea t them  
differently.
P o o r l y  D r a in e d  S o il s

This category includes surface w ater gleys, peaty 
gleys (peat up  to  24 inches deep) and  frequently  deep 
peats. O ther soil types m ay be included, bu t these 
three account fo r the m ajo r p roportion .

It is no t really know n a t w hat stage excess soil 
m oisture becom es harm fu l to  tree roo ts, bu t if  the

soil rem ains sa tu ra ted  fo r prolonged  periods, a t any 
dep th , roo tin g  will be restricted.

T here is som e difference betw een species in their 
ability  to  to lerate  w ater-logging, b u t S itka spruce 
seems to  be as vigorous as any  u nder these con ­
ditions.

In  the  m ost severe cond itions the roo ts will be 
restric ted  to  th e  fam iliar flat p lates seen on  up roo ted  
trees, b u t u n d er slightly b e tte r cond itions short 
sinkers m ay develop u n d er the la teral roo ts. R oo ting  
d ep th  m ay vary  from  as little  as 10 inches o n  the 
w ettest sites to  ab o u t 20-24 inches on  som e o f  the 
b e tte r deep peats. U p ro o tin g  will therefore  be the 
p red o m in an t k in d  o f  dam age, an d  it can  be expected 
to  s ta r t w ith  sm all g roups o f  trees blow ing over, any 
tim e a fte r th e  crop  has exceeded ab o u t 35 feet in 
height.

O nce w ind-dam age has sta rted  it is likely to  
con tinue  a t  an  accelerating ra te  until m ost o f  the 
crop  has been affected. C hanges in  soil type, crop 
size o r  species w ill frequently  fo rm  a  b o undary  a t 
w hich th e  dam age stops.

T he onset o f  w ind-dam age in these sites m ay also 
be associated  w ith  a  slow ing dow n in heigh t grow th 
in  th e  rem ain ing  c ro p ; p robab ly  due to  a com bin­
a tion  o f  dam age to  roo ts, a n d  to  increased exposure.

H ere then  is one situa tion  w here som e uncertain ty  
can  be rem oved. A  fairly  quick  reconnaissance w ith 
a  spade, in  a  c rop  w hich has ju s t sta rted  to  show  
signs o f  w ind-throw , will reveal how  fa r it is likely 
to  extend. O bservations o f  the  ra te  o f  extension for 
a  season o r tw o will soon  ind icate  the  tim e when 
action  shou ld  be taken  to  clear the crop. A  num ber o f 
fac to rs can  in itia te  the  w ind-throw ; perhaps the 
m ost com m on are  th inn ing  an d  d ra in  m aintenance, 
w hich respectively expose the rem aining trees, and  
result in  roo ts being severed.

H ow ever, w hile delayed o r heavy th inn ing  m ay 
m ake m atters w orse, early  th inn ing  does n o t appear 
to  have any advantage, an d  only the com plete 
avoidance o f  th inn ing  w ould seem  to  help prolong 
the life o f  the  crop  slightly. W here roo ting  is bad , 
how ever, w ind-throw  is inevitable.
F r e e l y  D r a in e d  S o il s

T his category  includes brow n  earths o f  a  range o f 
depths, and  a  com plex o f  podzolic soils, w hich m ay 
o r  m ay n o t have a  pan , o r a pea t layer.

U n d er these conditions m ost species, especially

24
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Sitka spruce, w ill develop deep sinker roo ts, often 
a lm ost tap  ro o ts  u n d er th e  stem  o f  the tree, and  
roo ting  dep ths from  2 to  7 feet a re  com m on. E xcept 
w here rock  o r  an  in d u ra ted  layer physically restricts 
th e  roo ting , th e  p redom inan t type o f  dam age will 
be b reakage o f  the  stem . In  B rita in  this type o f  
dam age is m ost often  found  on  fertile sites where 
height g row th is rap id  an d  delayed th innings depress 
girth  g row th  o f  th e  stems.

T he first th inn ing  suddenly exposes the trees, and  
sm all g roups can  be snapped  off. I t  m ay o r m ay no t 
then  extend, depending o n  th e  grow th o f  the re­
m aining trees, a n d  the n a tu re  o f  the soil. U proo ting  
m ay also occur on  these soils w here dep th  is 
physically restric ted  by rock  o r indura tion .

R esults
These then  a re  the tw o m ain  problem s th a t the forest 
m anager m ust face, b u t before discussing ways and  
m eans o f  overcom ing the problem s it is, I  th ink, 
w orth  hav ing  a  look  a t recent research results w hich 
will provide som e evidence to  suppo rt recom m en­
dations.

W e have fo r the p as t few years been studying the 
ro o t developm ent o f  various species, b u t m ainly 
S itka spruce, on  a  range o f  soil types, and  have som e 
m easure o f  trees’ resistance to  b reak o r up roo ting  
from  th e  tree-pulling investigation. W e also have 
som e d a ta  on  th e  forces w hich will be applied  to  
trees, as m easured in  w ind tunnels, an d  although the 
research is now here near com plete, the available 
results from  the tw o lines o f  investigation have been 
linked up . T he results, while being far from  decisive, 
are, I  th ink , still w orthy  o f  close inspection because 
they do  fit in rem arkably  well w ith field observations.

I f  the tu rn ing  m om ent a t the  base o f  the tree, th a t 
will be  applied  by any  w ind velocity, is calculated 
a n d  th e  result equated  w ith the tu rn ing  m om ent th a t 
trees on  a given site are  know n to  resist from  tree- 
pulling  studies, it is possible to  find the critical w ind 
velocity fo r any size o f tree. T his critical velocity can 
then  be p lo tted  against size o f  tree fo r a  range o f 
sites, so th a t a  fam ily o f  curves as show n in F igure 6 
a re  p roduced.

All th a t is now  requ ired  to  predict the size th a t a 
crop will reach  before being b low n over, is a  know ­
ledge o f  the frequency o f  gales o f  any  velocity. It 
seems from  still fairly lim ited  observations th a t on 
up land  sites a m ean hourly  w ind speed o f  40 knots 
can  be expected qu ite  frequently ; p robab ly  in 2 
ou t o f  3 years. I t  can  be seen then  th a t trees on  peaty 
gleys and  surface w ater gleys w ould be blow n a t 
50 feet, deep peat a t  60 feet, an d  brow n earths a t 
70 feet by such a w ind. T his accords well w ith 
observations. In  sheltered valley sites the m axim um  
w ind velocity m ay only be 30-35 kno ts , allowing 
correspondingly  ta ller trees.

This now  gives us a base line against w hich we can 
judge the likely benefit from  silvicultural treatm ents 
such as spacing, ploughing, d rain ing, and  thinning. 
I t  also gives us a  better idea o f  the relative suscept­
ibility o f  different soil types, and  som ething on  w hich 
to  base estim ates o f  ro ta tio n  length. I t  should, 
how ever, be m ade clear th a t the curves show n are 
the  average o f  several sites in different forests, and  
th a t there is qu ite  an  am oun t o f  varia tion  ab o u t each 
line. T hus som e deep peats m ay be as p o o r as peaty 
gleys, and  o thers nearer brow n earths.

As already m entioned, S itka spruce and , as fa r as 
can  be seen, m ost o th er species w ill develop deep 
sinker roo ts, given a  free dra in ing  soil. O n these 
sites, how ever, la teral ro o t developm ent is very m uch 
affected by the proxim ity  o f  neighbouring  trees.

T his is clearly illustrated  by the m easurem ents o f 
roo t-sp read  o f  trees pu lled  over in  tw o spacing 
experim ents, in R ad n o r and  C locaenog forests in 
N o rth  W ales. B o th  sets o f  p lo ts were p lan ted  in  the 
sam e year, b u t one w hich grew m ore rapid ly  had  
been given th innings, while the o ther was still 
un th inned  w hen pulled. B oth  plots w ere 28 years 
o ld  w hen pulled  over, and  th e  th inned  p lo ts averaged 
45 feet tall, while the un th inned  ones w ere 39 feet tall.

R oo ting  dep th  varied from  2-3  feet, according to  
th e  dep th  o f  soil. I t can also be seen from  these 
figures th a t the response after th inn ing  is quite slow, 
an d  in  the closest spaced plo ts the ro o t sp read  is 
still less th an  the spacing after eight years.

T able  9. R o o t  S pr e a d  D ev elopm en t  R ela ted  to  Sp a c in g  on  T h in n e d  a n d  U n t h in n e d  S itk a  Sp r u c e  a t

R a d n o r  a n d  C lo ca en o g  F orests

Unthinned Thinned Years
since
First

ThinningSpacing
Root Spread 

Diameter
Average 
Spacing

Root Spread 
Diameter

3 ft. x 3 ft. 4-2 ft. 5* ft. x  5 i  ft. 5-2 ft. 8
4 i  ft. x 4} ft. 5-0 ft. 8} ft. x 8 i ft. 6-6 ft. 8

6 ft. x  6 ft. 6-2 ft. 11 ft. x 11 ft. 6-2 ft. 4
8 ft. x 8 ft. 7-6 ft. 13 ft. x 13 ft. 8-7 ft. 4
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O n poorly  d ra ined  soils the situa tion  is quite 
d ifferent; directly  com parab le  figures a re  n o t 
available, b u t tw o o th er experim ents are  o f  interest.

O ne o f  these was an  experim ent a t  F o res t o f  Ae in 
S ou th  S co tland  w here pairs o f  dom inan t N orw ay 
spruce w ere selected w hen th e  crop was 11 years old, 
an d  one tree o f  each p a ir random ly  chosen fo r 
iso lation . These trees have been m ain ta ined  as 
iso lated  dom inan ts w hile the o th er one o f  the pair 
has been left in  the u n th inned  crop. T he trees were 
pulled  over w hen 25 years old.

T he second experim ent was a  th inn ing  experim ent 
a t K ielder in  N o rth  E ngland  in S itka spruce, w here 
fo u r p lo ts w ere m arked  ou t in a  14-year-old crop. 
T he p lo ts w ere then  heavily th inned  in  tu rn  (one

th ird  o f  the stocking rem oved a t each thinning) on  a 
th ree-year cycle, so th a t the  first th inn ings were 
given a t the age o f 1 4 ,17 ,20  an d  23 years respectively.

A lthough  the plots were n o t replicated  an d  one 
w as elim inated  because o f  a  difference in  soil type, 
it is in teresting  to  study th e  relationsh ip  betw een 
roo ting  d iam eter a n d  dep th  fo r these tw o experi­
m ents, as seen in T able  2. T he trees were 30 years old 
w hen pulled  over.

C om pared  w ith the freely dra in ing  soils, the roo t 
system s o f  these trees have responded  m uch m ore to  
opening up  in  term s o f  la tera l ro o t spread. O n the 
o th er hand  there has been a detrim ental effect on 
roo tin g  dep th  w hich was n o t nearly  so ap p aren t on 
the freely d rained  soils.

T a ble  10. E ffect  o f S p a c in g  o n  R o o t in g  D iam eter  a n d  R o o t in g  D e p t h  in  T w o  E x perim ents  (S ee T ex t)

Species Effective
spacing

Rooting
diameter

Rooting
depth

Years
since

thinned

21 0 in.") _
f  ±  1-72 

14-6 in .J 14

15-0 in.'l 10
13-2 in. > ±0-7 13
9-8 in .J 16

{Isolated
dominants

experiment

cc J Thinning 
| experiment

5-7 ft. 6-6 ft.

12-7 ft. 101 ft.

8-5 ft. 8-2 ft.
100 ft. 9-2 ft.
12-0 ft. 13-2 ft.

±0-5

; 0-6

T he resistance to  pulling  over, com paring sim ilar 
sized trees on  the various treatm ents, is th e  sam e, 
b u t o f  course the w ind forces applied  to  the trees in 
the open plo ts will be m uch greater.

O ne possible exp lana tion  o f  these results is 
p rovided by considering the effect o f  the crop  on 
the m oisture regim e o f  the soil. In  the close spread 
crops, the in tercep tion  o f  rainfall and  rem oval by 
tran sp ira tion  will be greater than  in  the widely 
spaced crops, because o f  the denser cover an d  the 
greater crow n surface area. T his could  result in  an 
appreciable drying o u t o f  the site and  im proved 
roo ting  conditions. Is this an  argum ent in  favour o f 
“ no  th inn ing” on  badly d rained  soils w hich are  sus­
ceptible to  w ind-dam age ?

L ittle  w ork  has been done yet on studying the 
effects o f  in itia l ploughing treatm en t on  the develop­
m en t o f  the ro o t systems in  the th inn ing  stage. 
H ow ever, observations definitely indicate th a t on 
freely d ra in ing  soils la teral ro o t developm ent takes 
place u nder the p lough furrow s, and  the tree stability 
is unlikely to  be affected. O n badly d rained  soils, 
especially if  the dep th  o f  the p lough furrow  is 
a lm ost th e  sam e as the depth  o f  the perm eable top  
soil, lateral ro o t developm ent is restricted, and  in the 
absence o f  sinker roo ts the trees are  quite unstable.

A  m uch m ore im portan t form  o f g round  prepar- 
a ra tion  is o f  course drainage, w hich no t only is the

m ain requirem ent to  p revent w ind-throw , bu t will 
also go a  long way tow ards increasing the 
productiv ity  o f  the site.

U nfo rtunate ly  there is very little experim ental 
evidence available a t p resen t to  prov ide in form ation  
on  the response o f  tree crops to  drainage, e ither as 
im proved ro o t o r shoo t grow th. O ne experim ent 
described in  an  earlier paper (F raser 1962 a), has 
show n th a t a thicket-stage crop will respond  to  
d ra in  deepening, b u t the experim ent d id  n o t have 
drains up  to  present-day recom m endations. The 
p rospects o f  m ajo r im provem ents in roo ting  are 
h igh  if  drainage is carried  ou t a t planting, o r in the 
first few years o f g row th ; bu t it becom es a  m ore 
uncertain  opera tion  w hen trying to  save crops which 
have already reached th icket stage. The response 
seems unlikely to  be enough to  postpone w ind-throw  
sufficiently to  recover the high cost o f  the operation .

E conom ic calculations tend  to  confirm  the view 
th a t drainage a t p lan ting  is in all respects the m ost 
desirable, bu t th a t up to  early  th icket stage (say 
10 years) it is still a  profitable operation .

So fa r we have dealt w ith  the soil an d  roots, and  
silvicultural treatm ents w hich can im prove these and 
hence a  tree’s ability  to  w ithstand w ind forces. The 
silviculturist can  also influence the forces which 
a re  applied to  the trees, by giving atten tion  to crop 
structure  and  layout.
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W ind tunnel tests, w hich have been described in 
detail elsewhere (F raser 1962 b an d  1964), have 
dem onstrated  th e  adverse effects o f  roads an d  
th inn ing  on  the  problem . B o th  o f  these factors 
result in  very appreciable increases in th e  forces 
applied  to  the trees and , as has been discussed earlier, 
on  th e  m ost susceptible soils trees a re  unab le  to  
resist these by developing better roo ts.

These sam e studies a n d  field observations on 
forests grow ing in exposed sites, strongly  suggest 
th a t the m ost effective m ethod  o f  reducing the forces 
on the trees in a  crop  is to  achieve a sm ooth  surface 
to  the canopy. By do ing  this, the am o u n t o f  energy 
w hich can  be tran sm itted  to  the trees is reduced to  a 
m inim um , an d  it is confined to  the tip  o f  the tree, 
w here the cross-sectional a rea  is least. I f  a  rough  
surface is developed, e ither by th inn ing  o r by felling 
sm all groups, tu rb u len t flow is created , an d  m uch 
greater forces are  applied  to  the m ain  crow n low er 
dow n the trees. O n well roo ted  soils, th e  trees are  
likely to  be able to  w ithstand  these high forces, and  
will p robab ly  develop roo ts in  response, bu t on badly 
d rained  soils this is n o t possible an d  w ind-throw  will 
occur. A ny k ind  o f  th inn ing  tends to  m ake the 
surface o f  th e  canopy  rougher. Experim ents are  now  
in h an d  to  th row  m ore light on  this topic.

C o n c l u s io n s

W ith  th e  results discussed so far, it becom es possible 
to  rationalise  any given situa tion  and  m ake plans 
w ith som e prospect o f  adhering  to  them .

T he first obvious step  is to  o b ta in  som e detailed 
know ledge o f  the  soils in a  forest, so th a t th e  likely 
extent o f  th e  p rob lem  can  be assessed, an d  also so 
th a t trea tm en ts can  be ad justed  accordingly. A  soil 
m ap  is perhaps a luxury, b u t no tes k ep t in  com ­
partm en t records can  go a  long  w ay tow ards 
ind icating  soil type.

T he second step  m ust be to  ob ta in  a  b reak-dow n 
by age classes o f  crops on  the  susceptible soils, so 
th a t decisions can  be m ade o n  th e  allocation  o f 
w ork. I t  has been found  convenient in  som e cases 
to  recognise th ree age-class groups, on  susceptible 
soils.

1. C rops w hich are  m ore th an  ab o u t 25 feet ta ll; 
p robab ly  over 20 years o f  age. These will be in 
im m inent danger o f  blow ing over, an d  will 
a lm ost certain ly  have passed the stage w here 
d rainage could  be effective. T hinn ing  in  such

crops will p robab ly  in itia te  som e w ind-throw .
Such crops a re  a lm ost certain ly  p as t saving, 

an d  consideration  o f  an tic ipato ry  fellings seems 
em inently  w orthw hile; th is avoids th e  fluctu­
a tions in  w ork  an d  o u tp u t o f p roduce  w hich are 
inevitable if  w ind-th row  is accepted  as it 
comes.

2. C rops w hich a re  betw een 10 an d  25 feet ta ll; 
p robab ly  10-20 years o f  age. These crops will 
be expensive to  d ra in , b u t have a  reasonable 
chance o f  responding. T he resources available 
will decide w hether drainage can  be attem pted , 
bu t they  will be o f  low  prio rity  because o f  the 
uncerta in ty  o f  success. O n the o ther hand , 
th inn ing  an d  even b rash ing  could  be avoided 
w ith  reasonable  prospects o f  pro longing  the 
life o f  the  crop. (A voidance o f  brashing 
reduces costs ra th e r th an  increases stability).

3. C rops less th an  10 feet ta ll; younger th an  10 
years. These crops can  readily  be d rained , and  
w ith  im proved techniques, a t an  acceptable 
cost. T he response is likely to  be large, an d  so 
w ind-throw  m ay well be elim inated  o r a t  least 
delayed long enough to  m ake a  decent incom e 
from  the crop.

A  fo u rth  category  o f  course are  crops o n  non- 
susceptible soils, w hich, ap a rt from  being th inned  
early  an d  regularly , need n o t be subject to  o ther 
constrain ts.

M uch useful in fo rm ation  can also be ob ta ined  by 
studying  any  w ind-dam age th a t occurs in  som e 
detail. T he  frequency o f  dam age, th e  soils on  w hich 
it occurs, an d  the height o f  th e  trees th a t a re  blown 
over, a re  all useful guides as to  how  long younger 
crops will s tand . T his is invaluable if  deciding on 
an tic ipato ry  fellings, w hich ideally shou ld  be the 
day  before  the  trees w ould  have blow n over!
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