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ABSTRACT 
The water  and land-system p r o c e s s e s  through which t i m b e r  h a r v e s t i n g  

a f f e c t s  anadromous f i s h  h a b i t a t  i n  western  North America a r e  d i s c u s s e d .  
The e f f e c t s  of t i m b e r  h a r v e s t i n g  on the water  balance  that r e g u l a t e s  
streamflow a r e  e v a l u a t e d ,  a s  a r e  d i r e c t  i n f l u e n c e s  of h a r v e s t i n g  on s l o p e  
s t a b i l i t y ,  e r o s i o n ,  and t h e  i n t r o d u c t i o n  of d e b r i s  i n t o  stream channels .  
The e f f e c t s  of re'noval of r i p a r i a n  v e g e t a t i o n  a r e  inc luded .  Techniques 
p r e s e n t l y  a v a i l a b l e  t o  r e source  managers for p r e d i c t i n g  t h e s e  e f f e c t s  are 
documented. 

KEYWORDS : Logging (- hydrology, .  f i s h  h a b i t a t ,  r i p a r i a n  v e g e t a t i o n ,  
anadromous fish. 
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PR E F AC E 
This  i s  one of a series of p u b l i c a t i o n s  on t h e  i n f luence  of f o r e s t  

and rangeland management on anadromous f i s h  h a b i t a t  i n  western North 
America. This  paper  addresses  t h e  e f f e c t s  on f i s h  h a b i t a t  of t i m b e r  
h a rves t .  . O u r  i n t e n t  i s  t o  provide  managers and u s e r s  of f o r e s t s  and 
rangelands with t h e  most complete in format ion  a v a i l a b l e  f o r  e s t ima t ing  
t h e  consequences of va r ious  management a l t e r n a t i v e s .  

, I n  t h i s  series of .papers ,  we w i l l  summarize publ i shed  and unpublished 
r e p o r t s  and d a t a  a s  w e l l  as t h e  obse rva t ions  of s c i e n t i s t s  and resource  
managers developed over  y e a r s  of exper ience  i n  t h e  W e s t .  These compil- 
a t i o n s  w i l l  be va luable  t o  resource  managers i n  p lanning  u s e s  of f o r e s t  
and rangeland resources ,  and t o  s c i e n t i s t s  i n  p lanning  f u t u r e  research .  

Previous p u b l i c a t i o n s  i n  t h i s  s e r i e s  i nc lude :  

1. " Hab i t a t  requirements  of anadromous salmonids,' '  by D. W. Reiser 
and T. C. Bjornn. 

2 -  "Impacts of n a t u r a l  even t s , "  by Douglas N. Swanston. 

4. "Planning f o r e s t  roads t o  p r o t e c t  salmonid h a b i t a t , "  by 
Car l ton  S. Y e e  and T e r r y  D. Roelofs. 

7. " E f f e c t s  of l i v e s t o c k  g raz ing , "  by W i l l i a m  S. P l a t t s .  

8 -  " E f f e c t s  of mining," by Susan B .  Martin and W i l l i a m  S. P l a t t s -  

11. "Processing m i l l s  and camps," by Donald C. Schmiege. 
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- -  

INTRODUCTION 
This  d i s c u s s i o n  i s  conf ined  t o  t h e  

e f f e c t s  of t imber  ha rves t ing  on stream 
ecosystems F e l l i n g  and yard ing  of 
t r e e s  cause changes t o  anadromous f i s h  
h a b i t a t  i n .  wes tern  North America 
through changes i n  water  and land-  
system processes .  The d i scuss ion  
p rov ides  answers t o  these  ques t ions :  

0 Which h a b i t a t  e lements  a r e  

0 What a s p e c t s  of ha rves t ing  
in f luenced  by harves t ing?  

i n f l u e n c e  t h e s e  h a b i t a t  
e lements  most and l e a s t ?  

a r e  a v a i l a b l e  t o  eva lua te  
t h e s e  ef f , ec t s?  

a r e  p a r t i c u l a r l y  d i f f i c u l t  t o  
p r e d i c t ?  

0 What p r e d i c t i v e  t echn iques  

0 Which ha rves t ing  i n f l u e n c e s  

Although l a k e s  and e s t u a r i e s  a r e  v i t a l  
f o r  t h e  l i f e  cyc le  of many anadromous 
salmonids, they a r e  not  cons idered  
here.  Many of t h e  e f f e c t s  of f o r e s t  
h a r v e s t i n g  on stream systems, such as 
sedimenta t ion  and movement of o rgan ic  
d e b r i s ,  u l t i m a t e l y  i n f l u e n c e  l a k e s  o r  
e s t u a r i e s ,  but  t h e s e  e f f e c t s  a r e  
cons iderably  removed from t h e  d i r e c t  
i n f l u e n c e s  of timber harvesting..  

Stream h a b i t a t  i n c l u d e s  stream 
channels  and t h e  near- stream environ-  
ment ( f l o o d  channels ,  s loughs )  , organic  
and ' ino rgan ic  m a t e r i a l  i n  beds and 
banks, and t h e  water  i t s e l f .  Many 
s t u d i e s  of f o r e s t  hydrology, however, 
do not  d i r e c t l y  addres s  t h e s e  h a b i t a t  
components but  i n s t e a d  cons ide r  annual  
runoff ,  t o t a l  sediment y i e l d ,  and o t h e r  
i n f l u e n c e s  from t h e  t o p  of t h e  h i l l s i d e  
down. The s e c t i o n  on s t ream- habi ta t  
e lements  w i l l  a t tempt  t o  i n v e r t  t h i s  
p e r s p e c t i v e  and view h a r v e s t i n g  
impacts  from t h e  s t reamside  up. 

Although this review i s  in tended 
f o r  use by resource  managers who a r e  
not  t r a i n e d  i n  f i s h e r y  ecology o r  - 
f o r e s t  hydrology, r e f e r e n c e s  a r e  given 
t o  examples from t h e  l i t e r a t u r e  o r  
from management p r a c t i c e  f o r  s p e c i f i c  
t o p i c s .  Excel len t  reviews of t h e  
e f f e c t s  of f o r e s t  ha rves t ing  on water  
and runoff (Gary 1979, Nat ional  Council 
of t h e  Paper Indus t ry  f o r  Air and 
Stream Improvement 1979, Toews and 
Brownlee 1981) w e r e  source docu- 
ments for much of t h e  d i scuss ion .  

1 



The close r e l a t i o n  of watershed 
( b a s i n )  p r o p e r t i e s  t o  s t ream 
c h a r a c t e r i s t i c s  has been r epea ted ly  
emphasized ( f o r  example, Hynes 1975, 
Lotspeich  1980 )  ; through t h e  a l t e r a -  
t i o n  of t h e  p rocesses  and s t r u c t u r e  of 
t h e s e  r e l a t i o n s ,  ha rves t ing  i n f l u e n c e s  
f i s h  h a b i t a t s .  Figure 1 o u t l i n e s  a 
conceptual  model t r a c i n g  t h e s e  l i n k-  
ages  from ecosystem p rocess  and 
s t r u c t u r e  through stream h a b i t a t  
e lements  t o  f i s h .  

Forest harvesting 

Process changes 

ediment s 

ater velocity/depth 
Water quality 
Bed composition 
Banks 
Cover typelextent 
Riparian vegetation P Migration barriers 

Habitat 'elements - 
Fish I =  
Figure  1- -Relat ions of f o r e s t  
h a r v e s t i n g  t o  f i s h .  

I n  t h i s  model, t h e  i n f l u e n c e s  of 
f o r e s t  h a r v e s t i n g  a r e  t r a n s m i t t e d  
through changes i n  p rocesses  and 
s t r u c t u r e s  i n  t h e  watershed which i n  
t i m e  modify t h e  h a b i t a t  elements 
i d e n t i f i e d  by Reiser and Bjornn (1979) 
a s .  impor tant  f o r  anadromous salmonids.  

I n  t h i s  model, a l though water  
p l a y s  a c e n t r a l  r o l e  i n  caus ing  o r  
t r a n s m i t t i n g  impacts  of f o r e s t  ha r-  
v e s t i n g  t o  f i s h  h a b i t a t ,  many e f f e c t s  
are t r a n s m i t t e d  d i r e c t l y  wi thout  
changing t h e  hydrologic cyc le .  These 
inc lude  d i r e c t  changes t o  channel  
c o n f i g u r a t i o n s ,  t h e  d i rect  i n t r o -  
duc t ion  of d e b r i s ,  and t h e  removal of 
s t  reamside v e g e t a t i o n  . 

Considerable  ove r l ap  e x i s t s  among 
t h e s e  h a r v e s t i n g  e f f e c t s .  These i n t e r -  
a c t i o n s  only  emphasize t h a t  t h e  land-  
water  ecosystem must be managed a s  an  
i n t e g r a t e d  whole f o r  t h e  maintenance 
of p roduc t ive  f i s h  h a b i t a t  . 
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I$ FL 
The word streamflow does no t  

appear  i n  f i g u r e  1, n o t  because 
streamflow'  i s  i r r e l e v a n t  t o  f i s h ,  b u t  
r a t h e r  because the  meaning of t h e  word 
depends on i t s  use.  Streamflow i s  . 
d e f i n e d  as t h e  amount of water f lowing 
i n  a channel  per u n i t  of t i m e .  But 
t h e  a b s o l u t e  amount a t  a g iven  t i m e  
( i n s t a n t a n e o u s  d i s c h a r g e )  o r  t h e  
aggrega te  amount ove r  a y e a r  (annual 
r u n o f f )  mean 'noth ing  t o  f i s h  h a b i t a t  
wi thout  r e f e r e n c e  t o  t h e  corresponding 
water  v e l o c i t y ,  t h e  a r e a  (o r  volume) 
of channel  it cove r s ,  and--most 
important- - the degree  t o  which t h a t  
f low d e p a r t s  from llnonnal" behavior  
f o r  a g iven  channel .  

Streamflow i s  desc r ibed  i n  
hydrographs of runoff  ve r sus  t i m e  . 
Figure  2 i l l u s t r a t e s  a h y p o t h e t i c a l  
composite of y e a r l y  hydrographs 
r e p r e s e n t i n g  s e v e r a l  s t reams i n  
wes tern  North America. Absolute 
runoff  amounts are no t  i n d i c a t e d  
because any g iven  d i scha rge  c,an be a 
f l o o d  i n  a s m a l l  channel  o r  a l o w  f low 
i n  a l a r g e  r i v e r .  For f i s h ,  i n c r e a s e s  
o r  d e c r e a s e s  i n  t h e  number of channel-  
modifying f lows (h igh  water  v e l o c i t i e s )  
or l o w  f lows ( caus ing  dry c h a n n e l s )  
a r e  t h e  most impor tant  events .  



Spring snowmen 

modifications 

ace Subsurface 

Fall Winter Spring Summer 

Figure  2--Ekamples .of composite 
hydrographs through t h e  yea r ,  
comparing r a i n  and snow events .  

Streamflow i n  a n a t u r a l  system may 
be stable or uns t ab le ,  depending on 
t h e  s i z e  of t h e  upstream b a s i n  and t h e  
number of s t o r a g e  elements ,  such as 
l a k e s ,  con ta ined  w i t h i n  it t o  b u f f e r  
t h e  e f f e c t '  of r a i n  o r  snowmelt. The 
i n t e n s i t y  of runoff also depends upon 
whether it i s  der ived  f r o m  r a i n  (many 
w i n t e r  s torm p e a k s ) ,  from a me l t ing  
snowpack, or  both.  Rain-on-snow 
even t s ,  e i t h e r  i n  low- elevation 
coastal  f o r e s t  ( m u l t i p l e  w in te r  
snowmelt e v e n t s )  o r  i n  t h e  Rocky 
Mountains ( h i g h- i n t e n s i t y  sp r ing  r a i n  
on me l t ing  snowpacks), are n o t  w e l l  
understood.  Swanston (1980) has 
d i scussed  t h e  range of n a t u r a l  runoff  
e v e n t s  t h a t  occur ,  and t h e  s e c t i o n  on 
f o r e s t  h a r v e s t i n g  and t h e  water 
ba lance  inc ludes  a d i s c u s s i o n  of 
h a r v e s t i n g  e f f e c t s  on r a i n-  or 
snow-dominated events .  I n  gene ra l ,  
h a r v e s t i n g  a f f e c t s  low f lows more t h a n  
peak flows. 

A n o t h r  irnporta6t concept  i n  t h e  
a n a l y s i s  of h a r v e s t i n g  impacts on  
streamflow i s  t h e  manner o r  r o u t e  by 
which w a t e r  t r a v e l s  f r o m  a f o r e s t  s i t e .  
t o  a channel .  Most of t h i s  r o u t e  i s  
underground i n  f o r e s t e d  areas, w i t h  
s u r f a c e  water normally appearing i n  
" source  areas" near  main channels .  

-0, 

During p e r i o d s  of inc reased  runoff ,  
t h e s e  source  areas expand upslope 
( f i g .  31 ,  caus ing  an i n c r e a s e  i n  t h e  
f i r s t - o r d e r  or  headwater channel  
network and more r a p i d  runoff (Betson 
1 9 6 4 ) .  Although t h e s e  s m a l l  channels  
may not  c o n t a i n  f i s h  throughout  t h e  
yea r ,  they a r e  e a s i l y  in f luenced  by 
f o r e s t  ha rves t ing :  i n  a d d i t i o n  t o  
water, they  t r a n s p o r t  sediment and 
d e b r i s  t o  main channels .  Changes i n  
s o i l  s t r u c t u r e  o r  i n  t h e  shape of a 
h i l l s i d e  ( fo r  example, from forest 
roads,  s k i d  t r a i l s ,  or ya rd ing )  c a n  
inc rea5e  or  decrease  t h e  a v a i l a b i l i t y  
of t h e s e  runoff  source  areas and hence 
i n c r e a s e  o r  decrease  peak flows. 

. .  . 1 .  

4 

Time =- 
Figure  3--Expansion of channel  
networks du r ing  a runoff  even t  ( H a r r  
1976) 
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Some evidence sugges t s  t h a t  road 
networks a lone  may cause a c c e l e r a t e d  
peak f lows i n  a s m a l l  ba s in  (Hsieh 
19701, but  q u a n t i t a t i v e  p r e d i c t i o n s  
are not  a v a i l a b l e .  The impos i t ion  of  
road networks has t h e  e f f e c t  of i n-  
c r e a s i n g  t h e  d e n s i t y  of t h e  su r face -  
d ra inage  network i n  a b a s i n ,  hence 
shor t en ing  t h e  t i m e  r equ i r ed  f o r  wa te r  
t o  reach t h e  o u t l e t  of t h e  stream. 
L i t t l e  i s  known about t h e  a b s o l u t e  
magnitude of inc reased  runoff caused 
by such changes i n  dra inage  d e n s i t i e s .  

The r e source  manager's t a s k  i s  
d i f f i c u l t  because of t h e  l a r g e  
v a r i a b i l i t y  i n  n a t u r a l  streamf lows, 
t h e  number of hydrologic  processes 
a f f e c t e d  by f o r e s t  ha rves t ing ,  and t h e  
d i r e c t  and i n d i r e c t  i n f l u e n c e  of 
streamflow on f i s h  h a b i t a t .  Harr 
(1980a) has  s a i d ,  "I do not  b e l i e v e  w e  
can  p r e d i c t  changes i n  s i z e  or dura-  
t i o n  of t h e s e  (channel-modifying) h igh  
f lows a t  t h i s  t i m e . "  Never the l e s s ,  
w i th  some unders tanding of t h e  water 
and energy ba lances ,  w e  can a n t i c i p a t e  
t h e  type  and d i r e c t i o n  of change i n  
streamflow, and--with d a t a  ( o r  expe r i-  
ence )  app l i cab le '  t o  a g iven  stream-- 
whether t hose  changes are l i k e l y  t o  be 
s m a l l  or  l a r g e .  I n  t h e  fo l lowing  
s e c t i o n ,  t h e  va r ious  components of t h e  
water  ba lance  w i l l  be discussed- w i t h  
respect t o  t h e i r  p o t e n t i a l  i n f l u e n c e  
on streamf low.- 

FQREST HARVESTING 
AND THE W A E R  
BALANCE 

An unders tanding of t h e  water 
ba lance  and t h e  hydrologic  c y c l e  i s  
t h e  basis f o r  a l l  watershed management 
p r e s c r i p t i o n s  d e a l i n g  w i t h  f o r e s t  
h a r v e s t i n g  and runoff .  The water-  
balance  equa t ion  states t h a t :  

I n p u t s  - losses 2 storage = o u t p u t ,  

where i n p u t s  i n c l u d e  r a i n ,  snow, and 
f o g  d r i p ;  losses inc lude  evapora t ion  
from water ,  ground, and f o l i a g e ,  
t r a n s p i r a t i o n  from p l a n t s ,  and deep 
seepage t o  ground-water tables;  
s t o r a g e  may be i n  s u r f a c e  dep res s ions ,  
t h e  soil, i n  channels ,  o r  as  snowpacks; 
and o u t p u t  is t h e  stream runoff .  Note 
t h a t  t h i s  water- balance equa t ion  d e a l s  
only  wi th  amounts of water, not  w i th  
t h e  rates of movement, and it u s u a l l y  
can be a p p l i e d  only on a y e a r l y  or 
monthly basis.  To apply it t o  s h o r t  
i n t e r v a l s  (days  o r  hour s )  r e q u i r e s  I 

d a t a  on i n p u t  and loss wi th  a s i m i l a r  
t i m e  r e s o l u t i o n  (Stephenson and Freeze 

t 

1974)o.  

Less demanding empirical t e c h-  
n iques  us ing  r e g i o n a l  d a t a  have been 
used f o r  g e n e r a l i z e d  r e s u l t s ,  f o r  
example-, changes i n  mean annual  runoff  
. ( I saacson  1977) . 
c a l  t echn iques  o u t s i d e  t h e  a r e a  where 
they  w e r e  developed should  be done 
wi th  c a u t i o n  because of d i f f e r e n c e s  i n  
processes and p h y s i c a l  c o n d i t i o n s  
(He the r ing ton  1978) 

Applying such e m p i r i -  

4 



For a watershed,  f o r e s t  ha rves t ing  
does not normally change t h e  t o t a l  
amount of r a i n  o r  snow e n t e r i n g  a 
b a s i n  (Troendle 1980). The p o s s i b l e  
excep t ion  i s  i n  a r e a s  where f o r e s t  
f o l i a g e  c a t c h e s  s i g n i f i c a n t  amounts of 
fog (Harr  1980b1, which may be l o s t  
a f t e r  ha rves t ing .  Harvest ing may, 
however, s u b s t a n t i a l l y  change t h e  
d i s t r i b u t i o n  of water  and snow on t h e  
ground, t h e  amount i n t e r c e p t e d  o r  
evapora ted  by f o l i a g e ,  t h e  r a t e  of 
snowmelt or evapora t ion  from snow, t h e  
amount t h a t  can  be s t o r e d  i n  t h e  s o i l  
o r  t r a n s p i r e d  from t h e  s o i l  by 
vege ta t ion ,  and t h e  p h y s i c a l  s t r u c t u r e  
of t h e  so i l ,  which governs t h e  r a t e  
and pathways *of water  movement t o  
stream channels .  Within t h i s  
complexi ty of water- balance elements ,  
h a r v e s t i n g  e f f e c t s  can be roughly 
grouped i n t o  t h r e e  major c a t e g o r i e s  
t h a t  form t h e  b a s i s  f o r  most runoff 
ana lyses :  

c 
0 
U s 2 0 -  
!! 
n Q, 

0 In f luences  on snow d i s t r i -  
bu t ion  and melt  r a t e s .  

o In f luences  on i n t e r c e p t i o n ,  
evapo t ransp i r a t ion ,  and soil 
s to rage .  

o In f luences  on s o i l  s t r u c t u r e  
a f f e c t i n g  i n f i l t r a t i o n  and 
water  t ran  s m i  S s i o n  r a t  e s . 
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- 

Each of t h e s e  must be cons idered  i n  
e v a l u a t i n g  ha rves t ing  e f f e c t s .  

M rs (shortwfiiatbn) - 
Mg (ground heat)’ * 

M I  - 
/ I I I .  

INFLUENCES ON SNOW 
DISTRIBUTION AND 
MELT RATES 

Fores t  openings a l t e r  wind 
p a t t e r n s ,  caus ing  snow t o  be t r apped  
i n  them. Small openings (up t o  e i g h t  
t r e e  h e i g h t s )  a r e  more e f f e c t i v e  than  
l a r g e  ones i n  t r app ing  snow, al though 
even i n  l a r g e  openings more runoff 
w i l l  be generated than  from f o r e s t e d  
t e r r a i n .  Because the  s o i l  i n  f o r e s t  
openings i s  we t t e r  (and hence is  
c l o s e r  t o  i t s  s to rage  c a p a c i t y )  , t h e  
m e l t  water comes out  f a s t e r  and 
r e s u l t s  i n  e a r l i e r  (by a s  much as a 
month) and h igher  (by 1 t o  3 t i m e s )  
peak f lows.  This  e f f e c t  i s  maximum 
when openings a r e  from 2 t o  6 t i m e s  a s  
wide a s  average t r e e  he igh t s ,  and has 
been demonstrated t o  p e r s i s t  f o r  
s e v e r a l  decades, probably u n t i l  mature 
crown-cover d i s t r i b u t i o n s  and 
s t r u c t u r e  a r e  r e s t o r e d  (Swanson and 
Hillman 1977 ,  Gary 1979, Troendle 
1980). . . .  . .  

For snow t o  m e l t ,  energy must. be ., 
a v a i l a b l e  . Although short-wave s o l a r  
r a d i a t i o n  .dominates most mel t ing ,  
o t h e r  f a c t o r s  can be important  under a ’ -  
cloudy sky o r  during r a i n .  Figure 4 
summarizes t h e  r e l a t i v e  importance of 
d i f f e r e n t  sources of energy dur ing  
r a i n f a l l ,  and i l l u s t r a t e s  t h a t  
convect ion- condensat ion energy 
dominates mel t ing  u n t i l  r a i n f a l l  i s  
high ( g r e a t e r  than  1 7  cm/day) . 
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The importance of h igh- in tens i ty  
rain-on-snow runoff has been demon- 
s t r a t e d  i n  f lood-f reqyency a n a l y s i s  
(Miles 1981).  In  c o a s t a l  f o r e s t s  
where win te r  r a i n s  are common ove r  a 
v a r i e t y  of e l e v a t i o n a l  zones, s e r i o u s  
concern has been expressed, .  bu t  few 
d a t a  have been c o l l e c t e d  about  t h e  
i n f l u e n c e  of mid- t o  upper- elevat ion  
logging  on win te r  peak f lows.  

Wind a l s o  augments mel t ing ,  by 
improving t h e  e f f i c i e n c y  of h e a t  
t r a n s f e r .  Where h ighe r  wind ve loc-  
i t i e s  are produced by h a r v e s t i n g  i n  
humid air. ,  such as , a long  t h e  n o r t h  
P a c i f i c  c o a s t  , a c c e l e r a t e d  m e l t s  may 
be poss ib l e . l /  Because rates of 
me l t ing  are d i r e c t l y  p r o p o r t i o n a l  t o  
wind velocities,.  t h e  i n c r e a s e  i n  m e l t  
depends on t h e  r e l a t i v e  amount of wind 
i n c r e a s e  caused by f o r e s t  openings. 

Whether i nc reased  f lows from a 
f o r e s t  s i t e  cause a n  i n c r e a s e  or 
decrease  i n  runoff f r o m  an  e n t i r e  
b a s i n  depends o n  t h e  d i s t r i b u t i o n  of 
openings. i n  t h e  bas in- - thei r  aspect, 
e l e v a t i o n ,  and d i s t a n c e  from stream 
channels .  Enough i s  known about  snow 
accumulat ion and m e l t  t h a t  timber 
h a r v e s t  can be scheduled t o  provide  
runoff  t h a t  meets f i s h e r y  management 
o b j e c t i v e s ,  by ensu r ing  t h a t  m g l t  a t  
d i f f e r e n t  l o c a t i o n s  i n  a bas in  i s  
synchronized or  not  (Anderson 1956, 
1957; Leaf and Brink 1973) .  For 
example, f i s h e r y  managers who wish t o  
mainta in  de synchronized snowme It t o  
minimize peak f lows should encourage 
e a r l i e r  me l t ing  i n  those watershed 
l o c a t i o n s  t h a t  a r e  producing t h e  most 
m e l t  w a t e r  during "normal" peak- runoff 
pe r iods .  Conversely, i f  h a r v e s t i n g  
causes  e a r l i e r  mel t ing  i n  upper 
e l e v a t i o n s  and on nor th- aspect  s l o p e s ,  
i n c r e a s e s  i n  peak r u n o f f s  may be 
expected from t h e  synchron iza t ion  of 
p rev ious ly  dispersed runoff  source  
areas. 

L lPe r sona l  communication, D. Toews,  
B r i t i s h  Columbia F o r e s t  Se rv ice ,  ' 
Nelson, B.C., 1981. 

Q u a n t i t a t i v e  management models t o  
p r e d i c t  runoff  amounts and t i m i n g  have 
been s u c c e s s f u l l y  a p p l i e d  i n  t h e  
Western United States  (Leaf and Br ink  
1973, Thomsen and S t r i f f l e r  1 9 8 0 ) .  
Many d a t a  are r e q u i r e d  f o r  t h e i r  appli-  
c a t i o n ,  however, and t h e  development 
of l o c a l  empirical t echn iques  may 
prove  t o  be m o r e  prac t ica l  f o r  t h e  
resource  manager ( I saacson  1977).  
Swanson and Hillman (1977) also 
demonstrated t h a t  q u a n t i t a t i v e  r e s u l t s  
can  be a n t i c i p a t e d  i n  snow-dominated 
basin:. A comparison of responses  

.g iven  by f o u r  snow models is provided 
by Baker and Carder  (1977).  

The dura t ion- of- f  low i n c r e a s e s  
from snow management summarized by 
G a r y  (1979) sugges t  t h a t  s i g n i f i c a n t  
(15-60 p e r c e n t )  i n c r e a s e s  i n  snow 
accumulat ion may persist  f o r  s e v e r a l  
decades. The proper management of t h e  
r e s u l t i n g  r u n o f f ,  so a s  no t  t o  exceed 
channel  s t a b i l i t i e s ,  has  t h e  p o t e n t i a l  
of p rov id ing  b t h  a d d i t i o n a l  water f o r  
s p r i n g  s t o r a g e  and a l s o  i n c r e a s e d  
l a t e- season  f low when space f o r  f i s h  . 
h a b i t a t  may be l i m i t i n g ;  

INTERCEPTION, 
EVAPOTRANSPIRATION, 
AND SQIL STORAGE 

T r e e  c u t t i n g  e l i m i n a t e s  a subs tan-  
t i a l  a r e a  of l e a v e s  and s t e m s  which 
would o the rwise  i n t e r c e p t  r a i n  o r  snow 
and allow it t o  be reevapora ted  when 
s u f f i c i e n t  energy w a s  a v a i l a b l e  . Fewer 
tree r o o t s  l i k e w i s e  reduce t h e  amount 
of water t h a t  would o the rwise  have 
been t r a n s p i r e d  from t h e  s o i l  and l o s t  
t o  runoff  . The combined e f f e c t  of 
t h e s e  t w o  f a c t o r s  causes  soil-water 
c o n t e n t s  (and hence ground-water 
tables)  and runoff  t o  be h ighe r  i n  
c l e a r e d  areas t h a n  under f o r e s t  cover.  

Table 1 i l l u s t r a t e s  examples of 
changes i n  annual  runoff  t h a t '  'have 
been documented a f t e r  f o r e s t  
ha rves t ing .  
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Table l--Ekamples of changes i n  annual  runoff af ter  t i m b e r  ha rves t l /  

Inc rease  i n  water y i e l d  
Location Species  Treatment ( f i r s t  y e a r )  

Percent  

C o w e e t a ,  N.C. Hardwoods 1 0 0 %  c l e a r c u t  
Coweeta, N. C. Hardwoods 35% s e l e c t i v e  
H, J. Andrews, Con i fe r s  40% c l e a r c u t  

Wagon Wheel Gap, Mixed 100% c l e a r c u t  

.Fool Creek, C o l o .  Con i fe r s  40% c l e a r c u t  

Oreg. , 

Colo. 

40 
40 - 2/-- 

22 

30 

LlHibbe r t  (1967) . 
z/small i n c r e a s e  i n  l o w  flow. 

,These i n c r e a s e s  i n  runoff are l a r g-  
e s t  d u r i n g  peak growing ( t r a n s p i r i n g )  
p e r i o d s  and mall o r  nonex i s t en t  
du r ing  win te r  o r  p e r i o d s  of heavy 
p r e c i p i t a t i o n .  Research sugges ts  t h a t  
i n c r e a s e d  soil-water con ten t  i n  har-  
ves t ed '  areas. may cause e a r l y  f a l l  
r a i n s  or i n i t i a l  snowmelt t o  produce 
m o r e  runoff  t h a n  under f o r e s t e d  
c o n d i t i o n s ,  a l though t h e s e  w i l l  n o t  
normally be extreme e v e n t s  (Rothacher 
1973) (see f ig .  2). 

From t h e  p e r s p e c t i v e  of i nc reased  
o r  decreased  f i s h- h a b i t a t  area, changes 
i n  low f lows have a g r e a t e r  r e l a t i v e  
impact t h a n  changes i n  high f lows  
because s m a l l  a b s o l u t e  i n c r e a s e s  i n  
runoff  may double o r  t r i p l e  t h e  normal 
minimum summer streamflow. 

I n c r e a s e s  i n  so i l- water  c o n t e n t  . 
and ground-water l e v e l s  from f o r e s t  
h a r v e s t i n g  have two i n d i r e c t  effects  
t h a t  may be more s i g n i f i c a n t  t o  f i s h  
h a b i t a t  t h a n  i n c r e a s e d  runoff  . High 
soil-water c o n t e n t  lowers s o i l  s t r e n g t h  
and has  been demonstrated t o  be a n  

-i m p o r t a n t  f a c t o r  i n  i n c r e a s i n g  t h e  
rate of slope mass movements a f t e r  
h a r v e s t i n g  (O'Loughlin 1972, Swanston 
1974a).  On t h e  p o s i t i v e  s i d e ,  h i g h e r  

ground-water t a b l e s  a f t e r  h a r v e s t i n g  
may expand a v a i l a b l e  h a b i t a t  i n  f lood-  
p l a i n  areas t h a t  might o therwise  be 
i n a c c e s s i b l e  dur ing  summer low 
flows.2/ . ' .  : 

Increased  runoff  because o f . e l im$-  
n a t i o n  of i n t e r c e p t i o n  o r  t r a n s p i r a-  
t i o n a l  l o s s e s  are g r e a t e s t  i n  s o i l s  
w i t h  h igh  d e n s i t i e s  of t ree  r o o t s ,  and 
it p e r s i s t s  u n t i l  t h o s e  soil volumes 
are reoccupied wi th  new roots. Other 
p l a n t s  (new undergrowth) may somewhat 
o f f  set  t h e s e  losses, bu t  t h e  r e l a t i v e  
amounts depend on t r a n s p i r a t i o n  
. e f f i c i e n c y  and r o o t  volumes. I n  
snowpack zones, t h e  combined e f f e c t s  
of i nc reased  snow accumulation and 
h ighe r  so i l- water  con ten t  i n c r e a s e  
runoff f o r  a longer  p e r i o d  than  i n  
rain-dominated regions.  

Z/Unpublished Annual Report of t h e  . 
Carnat ion  Creek Watershed Study. Can. 
Dep. Fish.  and Oceans, Vancouver, 
B.C., 1980. 



P r e d i c t i v e  t echn iques  f o r  e s t i m a t-  
ing  i n c r e a s e s  i n  f low from evapot ran-  
s p i r a t i o n  "savings" r e q u i r e  e s t i m a t i n g  
t h e  amount of water t r a n s p i r e d  by t h e  
s p e c i e s  being c u t ,  deduct ing  it from 
t h e  water  balance,  and rou t ing  it t o  
runof f .  I n  genera l ,  t h e  amount of 
water  saved i s  p r o p o r t i o n a l  t o  t h e  
pe rcen tage  of basa l  a r e a  c u t  i n  a 
bas in  ( a  50-percent c u t  w i l l  cause  
h a l f  t h e  i n c r e a s e  of a 100-percent 
c u t ) .  Water i n c r e a s e s  from evapo- 
t r a n s p i r a t i o n  savings  cannot exceed 
t h e  p o t e n t i a l  evapot ransp- i ra t ion  
c o n t r o l l e d  by c l i m a t i c  f a c t o r s  and 
w i l l  u s u a l l y  be a smal l  f r a c t i o n  of 
t h a t  amount; 

INFLUENCES ON 
SOIL STRUCTURE 

Fores t  ha rves t ing  can  have from 
n e g l i g i b l e  t o  severe impacts  on s o i l  
s u r f a c e s  and soil s t r u c t u r e ,  e i t h e r  
l o c a l l y  o r  over  e n t i r e  bas ins .  
Although most severe impacts  l e a d i n g  
t o  e r o s i o n ,  mass movements, and 
a c c e l e r a t e d  runoff a r e  de r ived  from 
road o r  sk id .  t r z i l  networks ( S i d l e  
1979, Swanston 19791, t h e  t r e e  c u t t i n g  
i t s e l f  reduces soil s t r e n g t h  by e l i m i -  
n a t i n g  r o o t  s t r u c t u r e s ,  and t h e  ya rd ing  
p r o c e s s  may expose mine ra l  so i l  t o  
a c c e l e r a t e d  surf  ace e ros ion .  

When soil d i s tu rbance  i s  severe  
and bare  minera l  s o i l  is exposed, 
r educ t ions  i n  water i n f i l t r a t i o n  r a t e s  
may occur.  I n  extreme d i s t u r b a n c e ,  
? s p e c i a l l y  wi th  f i ne- tex tu red  s o i l s ,  
water  may run off t h e  ground s u r f a c e  
i n s t e a d  of e n t e r i n g  t h e  s o i l .  Such 
su r f  ace-runof f water  i s  not  a v a i l a b l e  
t o  e n t e r  s o i l  s to rage  but  i n s t e a d  
causes  r ap id  l o c a l  runoff  w i th  
p o s s i b l e  r educ t ions  i n  l a t e r  low 
f lows . 

-- 
Normal c a p a c i t i e s  f o r  f o r e s t  s o i l  

i n f i l t r a t i o n  (maximums) a r e  much 
g r e a t e r  t h a n  normal r a i n f a l l  o r  
snowmelt r a t e s .  Only when i n f i l -  
t r a t i o n  c a p a c i t i e s  a r e  e x t e n s i v e l y  
reduced by compaction o r  s ed imen ta t ion  
on s u r f a c e  l a y e r s  does  r a p i d  s u r f a c e  
runoff  occur.  A measure of t h e  degree 
of impact i s  shown i n  f i g u r e  5, which 
i l l u s t r a t e s  t h e  amount of mine ra l  soil 
exposed by d i f f e r e n t  h a r v e s t i n g  
t echn iques  . 

Figure  5--Amount of mine ra l  s o i l  ' I  

exposed by a l t e r n a t i v e  y a r d i n g  
t echn iques  and t e r r a i n s  (Schwab 1976, 
Smith. and Wass 1980) .  ' 

In  gene ra l ,  t h e s e  impacts  can  be 
ranked on t h e  b a s i s  of ground c o n t a c t :  
none ( h e l i c o p t e r ) ;  minimum ( s k y l i n e ,  
h i g h- l e a d ) ;  and maximum ( t r a c t o r  

. sk idde r  o p e r a t i o n s ) .  On s t e e p  ter-  
r a i n ,  even h igh- lead  ya rd ing  has  been 
shown t o  cause  h igh  (30- 60 p e r c e n t )  
s u r f a c e  s o i l  d i s t u r b a n c e  (Smith and 
Wass 19801, bu t  on f l a t t e r r a i n  o r  
w i th  a modest snow cove r ,  t r a c t o r  
sk idd ing  may produce n e g l i g i b l e  
d i s tu rbance .  These f i n d i n g s  sugges t  
t h a t  t h e  t y p e  of h a r v e s t i n g  method i s  
less impor tant  t h a n  whether  or not  it 
i s  a p p r o p r i a t e  t o  t h e  l o c a l  t e r r a i n .  
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Table 2--Surf ace  and subsurface  water v e l o c i t i e s  

Locat ion  Flow v e l o c i t i e s  

Surf ace channels  1 0  - 300 cm/s 
"Macro" po res  1 / 1 0  - 150+ cm/h 
S o i l  m a t r i x  0 .1  - 1 0  cm/h 

LlRates  of out f low from root  channels  of 10- 100 cen t ime te r s  per  second have been 
measured ' (pe r sona l  communication, E. D. Hetherington,  Dep. Fish.  and Environ. , 
Can. For. Serv.,  506 W. Burnside Rd., V ic to r i a ,  B.C., 1981). 

I n t e r n a l  changes i n  s o i l  s t r u c t u r e  
may also occur from compaction, t h e  
dea th  of tree roots, o r  sedimenta- 
t i o n .  When l a r g e  voids and r o o t  
channels  a r e  c losed  o f f  or no longer  
connect t o  t h e  s o i l  su r face ,  water  i s  
fo rced  t o  t r a v e l  more slowly i n t o  and 
through t h e  s o i l  ma t r ix  r a t h e r  t han  
r a p i d l y  through l a r g e  channels  . Cheng 
e t  a l .  (1975) and DeVries and Chow 
(1978) i l l u s t r a t e d  t h e s e  pathways and 
sugges ted  t h a t  r educ t ions  i n  peak 
f l o w s  and h ighe r  so i l- water  c o n t e n t  
may r e s u l t  from t h e  slower movement of 
water  through t h e  soi.1 matr ix.  

Table 2 i l l u s t r a t e s  t h e  r e l a t i v e  
f low v e l o c i t i e s  found through t h e  
runoff p rocess .  

Other e f f e c t s  of such changes i n  
s o i l  s t r u c t u r e  a r e  to r a i s e  ground- 
water  l e y e l s , 2 /  incTease t h e  amount 
of so i l- wa te r  s to rage ,  and i n c r e a s e  
t h e  ainount of su r face  ( a s  opposed t o  
subsu r face )  runoff .  

To t h e  manager concerned wi th  f i s h  
h a b i t a t ,  changes i n  upper s lope  
hydrau l i c  c o n d u c t i v i t i e s  a r e  remote. 
Usually,  however, d i s tu rbance  t o  s o i l  
s t r u c t u r e  w i l l  cause some reduct ion  i n  
water  runoff t imes  and some i n c r e a s e s  
i n  f l o w  peaks. The amount of t h e s e  
changes may be small  and d i f f i c u l t  t o  
p r e d i c t ,  but  only t h e  maintenance of 
i n t a c t  s u r f a c e  and subsurface  s o i l  
s t r u c t u r e s  can  a s su re  "normal" 
hydrologic watershed behavior .  Bas ins  
wi th  s o i l  s t r u c t u r e  dependent on 
organic  m a t e r i a l  and r o o t s  of mature 
or old-growth f o r e s t  must be examined 
and managed f o r  a l l  components of t h e  
water  balance t o  avoid in t roduc ing  
long- las t ing  hydrologic changes . 

/See f o o t n o t e  1, t a b l e  2. 

9 



. . -  

I --, - 
PACTS OF 

I n  a d d i t i o n  t o  p rocesses  a f f e c t i n g  
r u n o f f ,  f o r e s t  ha rves t ing  a c t i v i t i e s  
d i r e c t l y -i n f u e n c e  f i s h  h a b i t a t  i n  f o u r  
major a r e a s  : 

e Acce le ra t ion  of e r o s i o n  and 

e I n t r o d u c t i o n  and removal of 

8 A l t e r a t i o n  of channel  shape. 
0 Removal of s t reamside  

mass-movement p rocesses .  

o rgan ic  d e b r i s .  

vege ta t ion  . 

EROSION AND MASS 
MOVEMENT 

The r e l a t i o n  of h a r v e s t i n g  methods 
t o  exposed minera l  s o i l  ( f i g .  5 )  
sugges t s  t h a t  surf  ace  e r o s i o n  from 
f e l l i n g  and ya rd ing  i s  l a r g e l y  a 
f u n c t i o n  of t h e  des ign of s p e c i f i c  
h a r v e s t i n g  o p e r a t i o n s .  High soil loss 
r e s u l t s  from i n a p p r o p r i a t e  cho ice  of 
h a r v e s t i n g  technique because s o i l  loss 
a l s o  r e p r e s e n t s  a loss of f o r e s t - s i t e  
c a p a b i l i t y .  The c l a s s i c  study of 
Reinhar t  e t  a l .  (1963) i l l u s t r a t e s  t h e  
c o r r e l a t i o n  between logging d e s i g n  and 
subsequent  sediment loss ( t a b l e  3 ) .  

Some of t h e  consequences of t h e s e  
a c t i v i t i e s  can be a n t i c i p a t e d  and they  
need not %e d e l e t e r i b u s .  Indeed, wi th  
adequate knowledge of t h e  c h a r a c t e r-  
i s t i c s  of p a r t i c u l a r  s t reams,  enhance- 
ment of some h a b i t a t s  is p o s s i b l e .  
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Table 3--Maximum t u r b i d i t y  and frequency d i s t r i b u t i o n  of samples for f ive West V i r g i n i a  watersheds ,  
December 1957 t o  Apri l  196& 

Maximum 
t u r b i d i t y  
measured 

Turbidi ty  

Treatment 

--.. . . 

units 

Commercial c l e a r c u t  56,000 
Diameter l i m i t  5 ,200  
Extens ive  s e l e c t i o n  21 0 
I n t e n s i v e  s e l e c t i o n  25 
Control  15  

Fre que nc y 
d i s t r i b u t i o n  of sam les 
by t u r b i d i t y  u n i s  P 

c l a s s e s  T o t a l  
0-10 11-99 100-999 1000+ 

126 40 24 13 
171 17  0 7 
195 8 0 0 
2 01 2 0 0 
2 02 1 0 0 

203 . 
203 
20 3 
203 
203 

1/Reinhart e t  a l .  (1963), p. 20. 

Z/koughly p a r t s  of soil per m i l l i o n  p a r t s  of water.  

Unfor tunate ly ,  no g e n e r a l  t ech-  
niques  and few e m p i r i c a l  s t u d i e s  
( R i c k e r t  e t  a l .  1978) a r e  a v a i l a b l e  
f o r  # p r e d i c t i n g  e i t h e r  t h e  i n c r e a s e  i n  
c o n c e n t r a t i o n  of suspended sediments  
i n  stream water  o r  t h e  t o t a l  volume of 
sediments  l i k e l y  t o  be added t o  a 
s tream a s  a consequence of h i l l s l o p e  
e r o s i o n  p rocesses .  Appl ica t ion  of t h e  
Universa l  S o i l  L o s s  Equation has been 
d i scussed  i n  depth  by t h e  Nat ional  
Council of t h e  Paper Indus t ry  f o r  A i r  
and Stream Improvement (1979) but  
c u r r e n t l y  seems t o  be i n a p p l i c a b l e  t o  
f o r e s t  sites.  Where e x t e n s i v e  d a t a  o n  
sediment a r e  a v a i l a b l e ,  m u l t i v a r i a t e  
t echn iques  (Anderson 1957) have i d e n t i -  
f i e d  t h e  c o n t r i b u t i o n s  of sediment t o  
s t reams by va r ious  land- use a c t i v i t i e s .  
Anderson (1967) provided an  e x t e n s i v e  
review of t h e  s u b j e c t ,  bu t  t h e  prudent  
manager s a n  only ope ra t e  on t h e  p r i n -  
c i p l e  of minimizing exposed s o i l  
(fig.' 5) .  

That removing tree cove r  on s t e e p  
s l o p e s  reduces s lope  s t a b i l i t y  has 
been w e l l  e s t a b l i s h e d  (Swanston 1974b) . 
When s lopes  a r e  near  t h e  l i m i t  of 
t h e i r  s a f e t y  f a c t o r ,  h a r v e s t i n g  may 
a c c e l e r a t e  t h e  r a t e  of mass movements, 
e s p e c i a l l y  i n  response t o  l a r g e  storms,  
ear thquakes ,  o r  o t h e r  major  events .  
Y e t  t h e  a c t u a l  i n c r e a s e  i n  number o r  
r a t e  of mass movements i s  d i f f i c u l t - t o  
p r e d i c t ,  and t h e i r  i n f l u e n c e  on f i s h  
h a b i t a t  i s  a f u n c t i o n  of proximi ty  t o  
t h e  a c t i v e  channel  o r  t o  sediment- 
t r a n s p o r t  mechanisms. Usual ly i n  
seve re  channel sedimenta t ion ,  both 
s lope  f a i l u r e  and subsequent  s u r f a c e  
e r o s i o n  a c t  t o g e t h e r  t o  produce 
r e l a t i v e l y  l o n g- l a s t i n g  e f f e c t s .  
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Land managers seeking  t o  avo id  
a c c e l e r a t e d  rates of m a s s  movement 
must i d e n t i f y  and avoid  s l o p e s  a t  o r  
nea r  s t a b i l i t y  t h re sho lds ,  ma in ta in  
vigorous root networks, and avo id  
i n c r e a s i n g  so i l- water  con ten t .  My 
d i s c u s s i o n  and g u i d e l i n e s ,  such  a s  
Swanston (19761, sugges t  t h a t  pre- 
c l u d i  ng t i m b e r  h a r v e s t  i ng completely 
i n  some areas may be necessary  t o  
avoid problems wi th  slope s t a b i l i t y .  
This  i s  e s p e c i a l l y  impor tant  when t h e  
u n s t a b l e  slope l e a d s  d i r e c t l y  i n t o  a 
stream channel .  

Recovery of slopes from a c c e l e r-  
a t e d  mass movements r e q u i r e s  t h a t  
v e g e t a t i o n  be r e e s t a b l i s h e d .  E f f e c t s  
may pers i s t  f o r  decades, however, a s  
i n t roduced  sediment works i t s  way 
downstream. "Memory," or t i m e  l a g  f o r  
a channel  t o  t r a n s m i t  m a t e r i a l  
downstream, may extend f o r  s e v e r a l  
decades.?/ 

The negat ive  e f f e c t s  of f i n e  
sediments on stream g r a v e l s  a re  w e l l  
documented ( R e i s e r  and Bjornn 1979) 
Less w e l l  understood are t h e  dynamics 
of sediment s o r t i n g  and t r a n s p o r t  i n  
streams. During h igh  f lows,  some 
sediment i s  picked up and expor t ed ,  
whize new g r a v e l  i s  depos i t ed  from 
upstream. C lea r ly ,  some e r o s i o n  of 
stream banks and beds i s  necessary  t o  
r e p l a c e  l o s t  g rave l ,  b u t  t echn iques  t o  
estimate e x a c t l y  how much new sediment 
i s  necessary  t o  mainta in  g r a v e l  i n  t h e  
streambed are lacking .  

i1Manuscr ip t  i n  p r e p a r a t i o n ,  "Se d i -  
ment r o u t i n g  and channel  changes i n  a n  
aggrading stream i n  t h e  Puget Lowland, 
Washington," by M. A. Madej. I n :  Pro- 
ceedings  of t h e  Workshop on Sediment 
Budgets and Routing i n  Fores t ed  
Drainage Bas ins ,  Oreg. S t a t e  Univ., 
C o r v a l l i s ,  May 30-June 1, 1979. 

S t u d i e s  i n  t h e  P a c i f i c  Northwest 
i n d i c a t e  t h a t  even i n  f a i r l y  s table 
watersheds ,  i n c r e a s e s  i n  s u r f a c e  f i n e s  
can occur  from a c c e l e r a t e d  bank 
e r o s i o n  (Toews and Brownlee 1981) .  
Th i s  sugges t s  t h a t  maintenance of  t h e  
stream channel  as  w e l l  a s  h i l l s l o p e  
i n t e g r i t y  must be inc luded  i n  t h e  
des ign  of f o r e s t  ha rves t ing .  

INTRODUCTION AND 
REMOVAL OF ORGANIC 
DEBRIS 

Numerous r e c e n t  s t u d i e s  have iden-  
t i f i e d  t h e  impor t an t  r o l e  of l a r g e  
o rgan ic  d e b r i s  i n  c o n t r o l l i n g  sediment 
t r a n s p o r t ,  p rov id ing  h a b i t a t  f o r  
a q u a t i c  organisms,  and d i s s i p a t i n g  
hydrau l i c  energy i n  smal l-  t o  moderate- 
s i z e d  stream channe l s  (Swanson and 
Lienkaemper 1978, K e l l e r  and Swanson 
1979, Bryant  1980) .  T r e e  c u t t i n g  
a d j a c e n t  t o  streams has  t h e  p o t e n t i a l  
f o r  i n t roduc ing  l a r g e  amounts of 
d e b r i s ;  on steep s l o p e s ,  r e s i d u a l  
d e b r i s  can  be t r a n s p o r t e d  t o  main 
channels  y e a r s  l a t e r  as  ca t a s t r . oph ic  
d e b r i s  t o r r e n t s .  A t  Carnat ion  Creek., 
on t h e  West Coast of  Vancouver I s l a n d ,  
B r i t i s h  Columbia, d e b r i s  movement 
i n c r e a s e d  by 3 t i m e s  a f t e r  s t r eams ide  
a r e a s  w e r e  logged (see f o o t n o t e  1) and 
average  d e b r i s  s i z e  w a s  reduced 
f o u r f o l d .  

Although s t a b l e  d e b r i s  c o n t r i b u t e s  
t o  channel  s t a b i l i t y  and h a b i t a t  v a r i a-  
b i l i t y ,  e x c e s s i v e  amounts impede f i s h  
movement and may reduce d i s s o l v e d  oxy- 
gen l e v e l s  i f  f i n e  o rgan ic s  accumulate 
on stream bottoms ( H a l l  and Lantz 
1969).  Of c o n s i d e r a b l e  concern i n  t h e  
P a c i f i c  Northwest i s  t h e  unknown e f f e c t  
of t h e  conver s ion  of la rge- diameter  
old-growth f o r e s t  t o  small- diameter  
second-growth. The r educ t ion  i n  s i z e  
of  normal l a r g e  o rgan ic  d e b r i s  i n  
coas ta l  streams may i n c r e a s e  ra tes  o f  
sediment t r a n s p o r t  and r e s u , l t  perma- 
n e n t l y  i n  s treambeds t h a t  are,;less 
s t a b l e  and l e s s  p roduc t ive  ove r  l a r g e  
regions .  

12 



Debris  accumulations a l s o  impede 
f i s h i n g  'access and g e n e r a l l y  reduce 
r e c r e a t i o n a l  o p p o r t u n i t i e s  i n  a r i v e r .  
Direct d e b r i s  management a s  a p a r t  ,of 
h a r v e s t i n g  des ign o f f e r s  p o t e n t i a l  f o r  
avoiding adverse  impacts or f o r  enhanc- 
i n g  some stream environments. Numerous 
l o c a l  g u i d e l i n e s  e x i s t  for -  d i r e c t i n g  
t ree f e l l i n g  and yarding,  avoiding 
s l a s h  bu i ldups  i n  g u l l i e s ,  and removing 
unwanted d e b r i s  from a c t i v e  channels.  
All such measures depend on p r a c t i -  
t i o n e r s '  ,unders tanding of t h e  p o s i t i v e ,  
as w e l l  as t h e  n e g a t i v e ,  r o l e  of debris  
i n  t h e  channel  environment (Toews and 
Brownlee 1981). 

ALTERING C H A N N E L  S H A P E  

The breakdown and d e s t r u c t i o n  of 
streambanks, by f e l l i n g  and ya rd ing  a r e  
among t h e  most p e r s i s t e n t  of d i r e c t  
impacts  of ha rves t ing ,  and they  a r e  
t h e  most d i f f i c u l t  t o  avoid when 
s t r eams ide  f e l l i n g  o r  sk idd ing  and 
cross-stream yard ing  occur. With t h e  
excep t ion  of h e l i c o p t e r ,  s k y l i n e ,  or  
o t h e r  high-def l e c t i o n  systems, 
near- stream yard ing  may reduce bank 
s t a b i l i l t y  and i n c r e a s e  s t ream widths 
(Narver 1972 )  a s  w e l l  as e l i m i n a t e  
bank cover.  Con t r ibu t ing  f a c t o r s  
i n c l u d e  steep slopes,.  h igh s o i l - w a t e r  
c o n t e n t ,  l ean ing  trees, bank soils 
w i t h  l o w  cohes ion,  and l a t e r a l  channel  
i n s t a b i l i t y .  Although measures f o r  
p r o t e c t i n g  t h e  streambank environment 
are a v a i l a b l e  (Lantz  1971, Moore 
19781, avoidance i s  f r e q u e n t l y  t h e  
on ly  a l t e r n a t i v e  t o  e x t e n s i v e  bank 
d e s t r u c t i o n .  - 

The homogenization of stream- 
channel  c o n f i g u r a t i o n s  from h a r v e s t i n g  
k c t i v i t i e s  i s  a p a r t i c u l a r l y  long- 
l a s t i n g  t h r e a t  t o  f i s h  h a b i t a t .  The 
r o l e  t h a t  cover  p l a y s  i n  a l l  models of  
f i s h  p roduc t ion  (Binns and Eiserman 
1979) s u g g e s t s  t h a t  a va r i ed  stream- 
channel  morphology, s t a b l e  in- stream 
d e b r i s ,  and a v a r i e t y  of s u b s t r a t e  
s i z e s  are necessary  f o r  good fish 
product ion.  Recovery from t h e  l o s s  of 
t h e s e  components of channel  h a b i t a t ,  
i f  a t  a l l  p o s s i b l e ,  may r e q u i r e  
s e v e r a l  decades. 

Although near- stream logging can  
cause severe  problems, it also o f f e r s  
t h e  oppor tun i ty  f o r  h a b i t a t  enhance- 
ment . 
seve re  w i n t e r  f r e s h e t s ,  du r ing  which 
high m o r t a l i t y  of overwinter ing 
salmonid f r y  (and a d u l t s )  may occur  
(Bustard  1973) .  
h igh- veloci ty  c o n d i t i o n s  requires 
a c c e s s  t o  low-velocity backwater o r  
pond areas. 
e a s i l y  c r e a t e d  a s  p a r t  of t h e  logg ing  
p l a n  i n  f lood- pla in  a reas .  

Many c o a s t a l  streams exper i ence  

Surv iva l  under t h e s e  ' 

Such refuges  can be 

REMOVING STREAMSIDE 
VEGETATION 

Streamside v e g e t a t i o n  is i n s t r u -  
mental  i n  s t a b i l i z i n g  banks, c o n t r o l -  
l i n g  organic  d e b r i s ,  and p rov id ing  
cover  (Meehan e t  a l .  1977). On s m a l l -  
t o  medium-sized streams ( f i r s t -  t o  
f i f t h - o r d e r ) ,  s t reamside  v e g e t a t i o n  
a l so  y i e l d s  f i n e  p a r t i c u l a t e  o r g a n i c  
m a t t e r  i n t o  t h e  a q u a t i c  food c h a i n  
(Naiman and S e d e l l  1979)  and c o n t r o l s  
water  tempera ture  through shading 
(Meehan 1970).  The s e p a r a t e  e f f e c t s  
of shade o n  w a t e r  t empera ture  (Brown 
1969) and on l i m i t i n g  food p roduc t ion  
have been w e l l  documented. The work 
of Stockner and Shor t reed (1978) a l s o  
s u g g e s t s  t h a t  t h e  d e l i b e r a t e  opening 
of s m a l l ,  c o l d  streams could  s i g n i f i -  
c a n t l y  enhance t h e i r  p r o d u c t i v i t y  
through t h e  moderate i n c r e a s e  of w a t e r  
tempera tures  and t h e  a c c e l e r a t i o n  of 
pho tosyn the t i c  a c t i v i t y .  



Stream tempera tures  must, of 
course  , remain w i t h i n  f a i r l y  w e l l -  
de f ined  l i m i t s  (Re i se r  and Bjornn 
1979) ,  and procedures  e x i s t  f o r  
de te rmining  t h e  amount of shade 
r equ i r ed  f o r  main ta in ing  them (Brown 
1970) . For s m a l l  s t r eams , .  t h e  shade 
and n u t r i e n t  requirements  can o f t e n  be 
m e t  w i th  noncommercial o r ,  shrub  vegeta-  
t i o n .  I n  any s t reamside  ha rves t i ng ,  
however, t h e  requirements  of bank 
s t a b i l i t y  and d e b r i s  c o n t r o l  must be 
cons idered  a long  wi th  t h o s e  of shade 
and n u t r i e n t s .  

The  value of main ta in ing  s t r eams ide  
vege t a t i on  as  a b u f f e r  s t r i p  has  been 
w e l l  documented (S t reeby  19701, and 
g u i d e l i n e s  f o r  de te rmining  r equ i r ed  
wid ths  are a v a i l a b l e  (Packer  and 
Chr i s tensen  1964). Buffer  s t r i p s  a r e  
not  a panacea f o r  sediment c o n t r o l ,  
however, because p e r s i s t e n t  sediment 
sources  w i l l  qu ick ly  overwhelm t h e  
a b s o r p t i v e  capac i ty  of t h e  f o r e s t  
f l o o r  when s u r f a c e  p o r e s  a r e  clogged 
by f i n e  sediments .  Buffer  strips must 
also be designed f o r  wind f i rmness  and 
a r e  most app rop r ig t e  f o r  keeping d e b r i s  
f r o m  channels  and for  p reven t ing  d i r e c t  
e f f e c t s  on t h e  banks. 

The preceding  d i s c u s s i o n  focused  
on watershed and s t reamside  p roces se s  
a f f e c t e d  by t ree  c u t t i n g  and yard ing .  
What a r e  t h e s e  h a r v e s t i n g  e f f e c t s  on 
the elements  of stream h a b i t a t  i d e n t i -  
f i e d  b y , R e i s e r  and Bjornn (1979) 
( f i g .  l')? 

Although cons ide rab l e  ove r l ap  i n  
importance e x i s t s  among h a b i t a t  ele- 
ments,  t h e  s t ream manager must u s u a l l y  
i d e n t i f y  s p e c i f i c  f a c t o r s  l i m i t i n g  
p roduc t ion  of a g iven  stream o r  f i s h  
species. For example, a s t ream 
suppor t i ng  r e s i d e n t  salmonids would 
have a high cover  requirement ,  bu t  a 
stream suppor t i ng  p ink  (Oncorhynchus 
gorbuscha (Walbaum)) o r  chum (0. k e t a  
(Walbaum) 1 .  salmon would be l i m i t e d  
p r i m a r i l y  by the  q u a l i t y  and q u a n t i t y  
of i t s  spawning g rave l .  .Rivers  'wi th  . 
t h e  most s t a b l e  d i v e r s i t y  throughout  
t h e i r  l eng th  o f f e r  t h e  maximum 
oppor tun i ty  f o r  a v a r i e t y  of f i s h  
h a b i t a t s .  

For each  h a b i t a t  e l e m e n t ,  c l u e s  
f o r  p r e d i c t i v e  o r  e v a l u a t i v e  t ech-  
niques w i l l  be sugges ted ,  and a d i r e c-  
t i o n  o r  range of expected p o s i t i v e  o r  
nega t ive  a l t e r a t i o n s  w i l l  be i n d i c a t e d .  
Few of t h e s e ,  however, can be app l i ed  
t o  p a r t i c u l a r  s t reams without  a c c u r a t e  
s i t e - s p e c i f i c  i n fo rma t ion  about  t h e  
watershed,  stream, and f i s h  popula-  
t i o n s ,  and t h e  s p e c i f i c  f o r e s t  ha rves t-  
i n g  procedures  proposed. These 
techniques  do not  normally a l low 
q u a n t i t a t i v e  p r e d i c t i o n s ,  bu t  r a t h e r  
i n d i c a t e  c r i t i c a l  f a c t o r s  t h a t  a q u a t i c  
resource  managers must cons ide r  i n  t h e  
p lanning  and assessment of f o r e s t  
h a r v e s t i n g  ope ra t i ons .  
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WATER DEPTH AND VELOCITY 

I n c r e a s e s  i n  water  depths  and 
v e l o c i t i e s  occur  when runoff 
i n c r e a s e s .  Because water  v e l o c i t i e s  
h igh  enough t o  scour  Streambeds o r  
modify channels  qccur  dur ing  n e a r l y  
bank- ful l  o r  h ighe r  f lows,  does  f o r e s t  
h a r v e s t i n g  a lone  i n c r e a s e  f lows s i g -  
n i f  i c a n t l y  i n  t h i s  high-f l o w  range? 
Evidence sugges t s  t h a t  i nc reased  
runoff  from e v a p o t r a n s p i r a t i o n  and 
i n t e r c e p t i o n  l o s s e s  a l o n e  does not  
i n c r e a s e  h igh  f lows s u f f i c i e n t l y  t o  b e  
of concern (see f i g .  2,  Megahan 1979).  
14uch g r e a t e r  f low i n c r e a s e s ,  however, 
may be caused by synchron iza t ion  of 
snowmelt i n  i n t e n s i v e l y  ha rves t ed  
small b a s i n s  o r  i n  con junc t ion  wi th  
rain-on-snow even t s .  Again, no d i r e c t  
d a t a  demonst ra tes  t h a t  t h e s e  have 
caused d e s t r u c t i v e  in s t an taneous  peak 
f lows (Harr 1980a) , b u t  cons ide rab le  
c i r c u m s t a n t i a l  ev idence  sugges t s  t h a t  
h a r v e s t i n g  i n  c o a s t a l  B r i t i s h  Columbia 
may have c o n t r i b u t e d  t o  d e t e r i o r a t i n g  
a q u a t i c  h a b i t a t s  i n  a r eg ion  where 
rain-on-snow e v e n t s  are common. 

These somewhat c o n s e r v a t i v e  conclu-  
s i o n s  must be p laced  i n  t h e  c o n t e x t  of 
t h e  expected  s i z e  and l o c a t i o n  of  
h a r v e s t i n g  areas. I f  a n  e n t i r e  
south- aspect  bas in ,  f o r  example, w e r e  
t o  be ha rves t ed ,  d e s t r u c t i v e  runoff  
i n c r e a s e s  might be expected.  Also, 
l i t t l e  i s  known about  t h e  long- term 
e f f e c t s  on channel  geomorphology of 
r e l a t i v e l y  modest changes i n  stream 
regime . Increased  r e t u r n  f r e q u e n c i e s  
of moderate runoff  e v e n t s  may p l a y  a n  
impor tant  role i n  r e d i s t r i b u t i n g  bed 
mater ia l  downstream. I f  t h e s e  even t s ,  
which normally occur  every  y e a r  or  
t w o ,  become p r e v a l e n t  s e v e r a l  t i m e s  a 
y e a r  i n  response t o  mid- or upper-  
e l e v a t  i o n  r a i  n-on-snow even t  s ,  
l ong- las t ing  changes i n  channel  
morphology and bed composit ion may 
r e s u l t .  Low f lows,  on. t h e  o t h e r  hand, 
have been c o n s i s t e n t l y  shown t o  
i n c r e a s e  a f t e r  ha rves t ing ,  as  long  a s  
s o i l  i n f i l t r a t i o n  properties are 
mainta ined  and bas in  w a t e r  i n p u t s  d o  
not  decrease .  F igure  6 sugges t s  a 
r e l a t i o n  of r e l a t i v e  f low t o  t h e  
amount of i n c r e a s e  expected  from 
f o r e s t  ha rves t ing .  

n 

' C ~ n n e ~ o d i ~ i n g  flows 

I- 

o 
a, I > - (P Low 
a, 
U Flow condition 

.- I + 
Moderate Bank full Floods 

Figure  6- Altera t ions  i n  r e l a t i v e  f low 
a f t e r  f o r e s t  h a r v e s t i n g  a s  a f u n c t i o n  
of s o i l  d i s tu rbance  and flow. 
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These r e s u l t s  may be reversed ,  as 
sugges ted  i n  t h e  lower curve ,  i f  soil 
d i s t u r b a n c e  i s  ex tens ive  enough t o  
cause  s u r f a c e  runoff i n  watersheds . 
t h a t  former ly  had high i n f i l t r a t i o n  
c a p a c i t i e s  . 

Decreased low summer f lows have 
a l s o  been documented i n  a watershed 
where water  i n p u t s  from fog  d r i p  were 
e l i m i n a t e d  by t imber  h a r v e s t  (Harr  
1980b).  To r e so lve  such ques t ions ,  a 
water  ba lance  must be e s t ima ted  f o r  
t h e  bas in  of concern. 

F igure  7 sugges ts  a r e l a t i o n  of 
i n c r e a s e d  f low v e l o c i t i e s  t o  some 
e f f e c t s  on f i s h  and a q u a t i c  h a b i t a t  
t h a t ,  i n  combination wi th  f i g u r e  6, 
p rov ides  a means of e s t i m a t i n g  which 
f low- veloc i ty  changes are l i k e l y  t o  be 
s i g n i f i c a n t .  In  a l l  ana lyses  of t h i s  
so r t ,  ' t he  water- veloc i ty  d i s t r i b u t i o n  
i n  t h e  channel  r e s u l t i n g  from inc reased  
d i scha rge  must be es t imated .  Quanti ta-  
t i v e  t echn iques  a r e  i l l u s t r a t e d  by t h e  
hydrau l i c  s imula t ions  of t h e  U . S .  Fish  
and W i l d l i f e  Serv ice  (Bovee and Milhous 
1978) t h a t  r e q u i r e  s i t e - s p e c i f i c  d a t a  
f o r  t h e  stream reach a t  a l t e r n a t i v e  
f low l e v e l s .  Of equal  importance i n  
a s s e s s i n g  t h e  e f f e c t s  of i nc reased  or 
decreased  f lows i s  t h e  a c c e s s i b i l i t y  
of m i c r o h a b i t a t s  ( s loughs ,  bed mate- 
r i a l ,  d e b r i s )  t h a t  provide  low- veloci ty 
re fuge  a r e a s  i n  o r  ad jacen t  t o  t h e  
s t ream channel .  Water depths  and 

Water velocity (meters per second) 

Figure .  7--Tne e f f e c t  of inc reased  
water  v e l o c i t i e s .  Shape and l o c a t i o n  
of curve i s  a f u n c t i o n  of f i s h  
s p e c i e s ,  age,  and cond i t ion  ( f o r  
example, see  Bovee 1978) .  

v e l o c i t i e s  a r e  a l s o  in f luenced  by 
channel  form, e s p e c i a l l y  i n  t h e  low- 
f l o w  range. I n c r e a s e s  i n  sediment 
supply or sediment t r a n s p o r t  r a t e s  may 
cause channel  aggradat ion ,  and d i r e c t  
d i s tu rbance  of streambanks may cause  
bank r eces s ion  and channel  widening 
(Narver 1972) . E i t h e r  process  w i l l  
lower r e l a t i v e  water  l eve  Is and may 
cause low f lows t o  become e n t i r e l y  
subsurface  . 

The e v a l u a t i o n  of consequences t o  
f i s h  h a b i t a t  of changes i n  water  veloc-  
i t i e s  and depths  ( r e s u l t i n g  from 
inc reased  o r  decreased  f lows)  has  been 
cons iderably  advanced by t h e  Incremen- 
t a l  Flow Methodology developed by t h e  
U.S. Fish  and W i l d l i f e  Serv ice  (Bovee 
and Cochnauer 1977) This  methodology 
provides  a means of l i n k i n g  a l t e r n a-  
t i v e  f lows t o  t h e  r e s u l t a n t  changes i n  
a v a i l a b l e  f i s h  h a b i t a t .  

The method p r e d i c t s  t h e  amount of 
h a b i t a t  a r e a  a v a i l a b l e  a t  var ious  f low 
l e v e l s  and t h e  r e l a t i v e  value of t h o s e  
h a b i t a t s  t o  f i s h ,  based on depth and 
v e l o c i t y  curves  f o r  each spec ie s  , 

( cu rves  of t h e  r e l a t i v e  frequency of 
u s e ) .  Examples of t h e s e  curves  a r e  
given i n  f i g u r e  8. 

Rainbow trout ( S a h o  gairdneri Richardson) fry 

6 1 2 3 4 5 6  

Veloclty (feet per second) Depth (feet) 

Figure 8--Probabil i ty-of  -use curves  
(Bovee 1978) 
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WATER QUALITY 

The p r i n c i p a l  water- qual i ty  
parameters  of anadromous f i s h  h a b i t a t  
t h a t  may be in f luenced  by f e l l i n g  and 
ya rd ing  are temperature, suspended 
sediment,  d i s so lved  oxygen, and 
n u t r i e n t s .  

TEMPERATURE 

Removal of s t r eams ide  vege ta t ion  
u s u a l l y  i n c r e a s e s  summer water tempera- 
t u r e s  i n  direct  p r o p o r t i o n  t o  t h e  
amount of inc reased  s u n l i g h t  on t h e  
w a t e r  s u r f a c e  . P r e d i c t i v e  energy- 
ba lance  techniques ,  such a s  t h o s e  of 
Brown (19701, may be used  t o  manage 
w a t e r  t empera tures  fo r  optimun stream 
c o n d i t i o n s ,  b u t  must depend o n  t h e  
o t h e r  consequences of s t reamside  
h a r v e s t i n g  ope ra t ions .  Brown's 
e q u a t i o n  r e q u i r e s  informat ion  about  
d i scha rge ,  t h e  s u r f a c e  area of t h e  
stream, and t h e  amount of i n c i d e n t  
s o l a r  r a d i a t i o n .  A i r  and ground 
t empera tu res  e x e r t  +nor i n f l u e n c e s  on 
s t ream . temperature,  bu t  i n f l u x e s  of 
t r i b u t a r y  o r  ground w a t e r  may raise or 
lower water tempera tures  s u b s t a n t i a l l y  

F igu re  9 sugges t s  t h a t  smaller 
streams have g r e a t e r  i n c r e a s e s  i n  
water tempera ture  t h a n  l a r g e r  streams, 
b u t  t h a t  t hey  may be shaded by smaller 
trees o r  s t r eams ide  deciduous vege- 
t a t i o n .  The management of water 
t empera tu res  of s m a l l  streams through 
s e l e c t i v e  s t r eams ide  openings may 
enhance p r o d u c t i v i t y  i n  some 
l o c a t i o n s .  

Lowered water tempera ture  du r ing  
w i n t e r  may a l s o  r e s u l t  from removing 
p l a n t  cover  i n  no r the rn  areas, caus ing  
r educ t ions  i n  rates of egg development 
and i n c r e a s e d  i c i n g .  Small o r  low- 
g r a d i e n t  streams i n  no r the rn  l o c a t i o n s  
should,  t h e r e f  o r e ,  be analyzed f o r  
p o t e n t i a l  decreases as w e l l  as 
i n c r e a s e s  i n  water  tempera ture  because 
e i t h e r  r e s u l t  i s  p o s s i b l e .  Only a 
de ta i led  energy ba lance  w i l l  i n d i c a t e  
t h e  l i k e l y  d i r e c t i o n  and magnitude of 
changes i n  water  temperature.  

t 

Figure  9--Percentage of stream area 
shaded a s  a f u n c t i o n  of s t ream width  
and he igh t  of streamside vege ta t ion .  

Stream width in units of streamside vegetation height 
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, SUSPENDED SEDIMENT 

Concentra t ions  of suspended 
sediment a r e  inc reased  as a r e s u l t  of 
a c c e l e r a t e d  surf  ace e r o s i o n  o r  s lope  
mass movements. Surface  e r o s i o n  (from 
exposure of mine ra l  s o i l )  may not  be 
d e t r i m e n t a l  t o  a q u a t i c  h a b i t a t  i f  
h a r v e s t i n g  methods a r e  s u i t e d  t o  s lope  
and soils, bu t  a c c e l e r a t e d  mass move- 
ments may be i n e v i t a b l e  when t r e e s  a r e  
removed from slopes a l r eady  n e a r  t h e i r  
t h r e s h o l d  of s t a b i l i t y .  Usually,  t h e  
amount of s o i l  loss is  more c l o s e l y  
r e l a t e d  t o  how and when ha rves t ing  i s  
conducted t h a n  whether or n o t  trees 
a r e  c u t .  Remedial measures are 
a v a i l a b l e  t o  correct su r face- eros ion  
problems, b u t  t h e  e f f e c t s  of acce le-  
r a t e d  mass movements may persist  f o r  
t e n s  o r  hundreds of y e a r s  when s l o p e  
s t a b i l i t i e s  r e q u i r e  mature-f o r e s t  r o o t  
systems . 

I n c r e a s e s  i n  c o n c e n t r a t i o n s  of 
suspended sediment a r e  most i n j u r i o u s  
t o  f i s h  h a b i t a t  when t h e  sediment 
source  persi%sts over  a long pe r iod .  
Examples of p e r s i s t e n t  sediment prob- 
l e m s  i n c l u d e  bank scour  from inc reased  
volumes of d e b r i s ,  t h e  a c c e l e r a t e d  
development of ice l e n s e s  i n  so i l s  no  
longer  i n s u l a t e d  by vege ta t ion ,  and 
t h e  headward e r o s i o n  of new g u l l y  
systems a f t e r  l a n d s l i d e s .  

The ma jo r i ty  of severe  sediment 
problems, however, a r e  r e l a t e d  t o  road 
sy'stems, e s p e c i a l l y  when t h e  roads 
c r o s s  stream channels  ( Y e e  and Roelofs 
1980) .  Control  of dra inage  water  i s  
mandatory t o  avoid t h e s e  problems. 
When ya rd ing  i n c l u d e s  e x t e n s i v e  ground 
skidding,  c a r e f u l  l o c a t i o n  of s k i d  
t r a i l s  and b u f f e r s  of v e g e t a t i o n  
between s k i d  t r a i l s  and streambanks 
a r e  necessary  t o  minimize sediment 
a c c r u a l  i n  stream channels.  

Reduction i n  sedimenta t ion  from 
exposed s o i l  i n  logged a r e a s  is  
normally accomplished through 
revege ta t ion .  Measures t o  accelerate 
revege ta t ion  i n  seve re ly  d i s t u r b e d  
a r e a s  should i n c l u d e  p l a n t i n g  
deciduous trees,  shrubs,  and g r a s s e s :  
hydroseeding; and mechanically 
s t a b i l i z i n g  g u l l y  systems (Heede 1976, 
Swanston 1976) . 
CONCENTRATIONS OF DISSOLVED OXYGEN 

Concentra t ions  of d i s so lved  oxygen 
may be reduced i n  i n t e r g r a v e l  spaces  
i f  f i n e  o rgan ic  d e b r i s  accumulates on 
and i n  streambeds. The e f f e c t s  of 
high b i o l o g i c a l  oxygen demands may 
p e r s i s t  f o r  long pe r iods ,  u n t i l  bottom 
m a t e r i a l  i s  removed and i n t e r g r a v e l  
water  i s  replaced.  Logging and sk id-  
ding nea r  o r  a c r o s s  smal l  streams 
covered by snow a r e  p a r t i c u l a r l y  
l i k e l y  t o  r e s u l t  i n  f i n e- d e b r i s  
accumulation because o p e r a t o r s  may be 
unaware of stream loca t ions .  

Sometimes t h e  complete c logging of 
s u r f a c e  g r a v e l s  by f i n e  sediments can 
a l s o  restrict  i n t e r g r a v e l  f low suf f i- 
c i e n t l y  t o  lower d i s so lved  oxygen 
concen t ra t ions ,  but  such l a r g e  volumes 
of sediment a r e  more u s u a l l y  associ- 
a t e d  wi th  road cons t ruc t ion ,  s l i d e s ,  
and bank scour  t h a n  wi th  upslope tree 
c u t t i n g  and yarding.  Major runoff  
even t s  may in t roduce  new f i n e  s e d i-  
ments t h a t  p e r s i s t  u n t i l  complete 
f l u s h i n g  has  t a k e n  p l a c e  ( t h a t  is, 
u n t i l  t h e  next  major storm). 
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NUTRIENTS 

N u t r i e n t  concen t r a t ions  i n  streams 
a f t e r  logging  may be inc reased ,  but  
u s u a l l y  by moderate amounts and f o r  
s h o r t  pe r iods .  Both n u t r i e n t s  
( F r e d r i k s e n  1971 1 and d i s so lved  
o rgan ic  carbon a r e  t a k e n -u p  by both 
s o i l  and s t ream micro-organisms (Hynes 
19751, sugges t ing  t h a t  d i s so lved  
m a t e r i a l  r e l e a s e d  s o l e l y  by tree 
c u t t i n g  i s  no t  l i k e l y  t o  be a per-  
s i s t e n t  problem i n  streams. This  
f a i r l y  sweeping g e n e r a l i z a t i o n  must be 
tempered by a r e a l i z a t i o n  t h a t  l i t t l e  
i s  known about  t h e  mic rob io log ic  a1 
p rocesses  of organic  ma t t e r  and 
n u t r i e n t  t r a n s p o r t  from a f o r e s t  t o  
t h e  s tream. I n  seve re ly  degraded 
b a s i n s  wi th  ex tens ive  e r o s i o n  and 
de layed  r evege ta t ion ,  longer  l a s t i n g  
a l t e r a t i o n s  t o  water q u a l i t y  may 
occur.  

For example, short- term i n c r e a s e s  
of a s  much a s  5-10 t i m e s  i n  n i t r a t e  
c o n c e n t r a t i o n s  have been demonstrated 
i n  w e s t  c o a s t  s t reams a f t e r  t i m b e r  
c u t t i n g  and s l a s h  burning,.?/ bu t  
t h e s e  amounts were no t  d e l e t e r i o u s .  
The normal r e l a t i o n  of h igher  stream- 
f lows t o  decreased ion  concen t r a t ions  
is appa ren t ly  reversed only i n  t h e  
f i r s t  few f a l l  runoff even t s  when ions 
s t o r e d  on s o i l  o r  organic  m a t t e r  a r e  
f l u s h e d  o u t .  Streams t h a t  a r e  l i m i t e d  
i n  a p a r t i c u l a r  n u t r i e n t  ( f o r  example, 
phosphate)  may, however, exper ience  
major i n c r e a s e s  i n  a l g a l  product ion  i n  
response to minor n u t r i e n t  i n c r e a s e s  
i f  t empera ture  and flow c o n d i t i o n s  
permi t .  Such blooms may be harmful t o  
anadromous f i s h  product ion  by f i l l i n g  
i n t e r s t i t i a l  spaces i n  t h e  g rave l .  

STREAMBED MATERIAL 

The two streambed parameters  of 
most concern t o  anadromous salmonids 
a r e  p a r t i c l e - s i z e  composition and 
mob i l i t y  (amount of s c o u r ) .  Both 
embryos and fry r equ i re  a c c e s s i b l e  
i n t e r g r a v e l  voids  and adequate water  
c i r c u l a t i o n ,  and a d u l t  salmonids 
b e n e f i t  from low-veloci ty zones 
between and behind l a r g e r  cobble's 
and boulders  . Highly mobile bottom 
s u b s t r a t e  does  not  support  food 
organisms and may cause  egg loss 
dur ing  high flows. 

The consequences of f o r e s t  harves t-  
i n g  a s s o c i a t e d  wi th  inc reased  sediment 
product ion  have been d iscussed  above 
( s u r f  ace  e r o s i o n  and mass movement 1 ,  
and-- in combination wi th  f a c t o r s  
a f f e c t i n g  flow ve loc i t i e s- - they  
provide  t h e  b a s i s  f o r  ana lyz ing  
ha rves t ing  impacts  on .streambeds. 

S /pe r sona l  communication, J . C. 
Sc r ivene r ,  Can. Dep. Fish.  and Oceans, 
Nanaimo, B. C.,  1981. 
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Streambeds wi th  water  v e l o c i t i e s  
s u f f i c i e n t l y  h igh t o  t r a n s p o r t  bed 
m a t e r i a l  b e n e f i t  from some c lean ing .  
Unfor tuna te ly ,  p r e d i c t i v e  models 
r e l a t i n g  sediment load ings  and 
streamwater v e l o c i t i e s  t o  r e s u l t a n t  
strembed p a r t i c l e - s i z e  composit ion d o  
n o t  e x i s t ,  making f lu sh ing- capab i l i ty  
models l a r g e l y  a m a t t e r  of l o c a l  
e m p i r i c a l  obse rva t ions .  C lea r ly ,  
low-gradient  streams a r e  more vulner-  
able t o  i . r r e v e r s i b l e  c logging t h a n  
high- gradient  streams, and any long-  
term ( p e r s i s t e n t )  i n c r e a s e  i n  sediment 
source  areas causes  a dec rease  i n  t h e  
e q u i l i b r i u m  composit ion of t h e  
s t  re ambed. 

Figure  1 0  i l l u s t r a t e s  t h e  v e l o c i t y  
r equ i red  t o  i n i t i a t e  and suspend 
v a r i o u s  s i z e s  of m a t e r i a l  i n  f lowing 
water .  

F igure  1 0  shows t h a t  bed m a t e r i a l  
i n  t h e  f ine- sand range i s  t h e  most 
s u s c e p t i b l e  t o  e r o s i o n  ( scour  1. Hence, 
d i s t u r b e d  soils wi th  h igh  c o n t e n t s  of 
s i l t  and f i n e  sand (.06-.8 mm) o f f e r  
t h e  most p o t e n t i a l  f o r  degrading 
streambeds.  

Particle size (millimeters) 

Assessments of sedimenta t ion  
impacts on streambeds, a s  w e l l  a s  on 
a q u a t i c  organisms, should i n c l u d e  bo th  
d u r a t i o n  and c o n c e n t r a t i o n  of sediment 
loading.  A measure, such a s  mi l l ig rams  
p e r  l i t e r - d a y s ,  has been used t o  c o r r e-  
l a t e  w i t h  egg-to-f ry s u r v i v a l  r a t e s  
(Slaney e t  a l .  1977).  Figure 11 i l l u s -  
t r a t e s  t h e  type of r e l a t i o n  found. 
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Figure  11--Relat ion of d u r a t i o n  of 
suspended sediment t o  s u r v i v a l  o f  
rainbow t r o u t  f r o m  eggs t o  emergent 
fry (Slaney e t  a l .  1977). 

F igure  10--The e f f e c t  of v e l o c i t y  on . 

par t i c le  s i z e  i n  e ros ion ,  t r a n s p o r t a -  
t i o n ,  and d e p o s i t i o n  (Ruhe 1975) 
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STREAMBANKS 

Of a l l  s t r eam- hab i t a t  parameters ,  
streambanks a r e  t h e  m o s t  s u s c e p t i b l e  
t o  d i r e c t  i n f l u e n c e  f r o m  logging 
a c t i v i t y .  Streambanks (and stream 
margins)  o f f e r  lower ' w a t e r .  v e l o c i t i e s  
t h a n  main- stream c u r r e n t s .  Undercut 
banks, overhanging r o o t .  complexes, 
v e g e t a t i o n ,  and stable d e b r i s  p rov ide  
shade and p r o t e c t i o n  from preda to r s .  
Root networks c o n t r i b u t e  t o  streambank 
s t a b i l i t y  and minimize bank e r o s i o n  
dur ing  h igh f lows.  The maintenance of 
streambank s t r u c t u r e  must be inc luded  
i n  t h e  d e s i g n  of f e l l i n g  and ya rd ing  
o p e r a t i o n s  f o r  any reasonable  chance 
of success .  

Harves t ing  o p e r a t i o n s  t h a t  
p o t e n t i a l l y  cause  damage t o  banks 
i n c l u d e  f e l l i n g  a c r o s s  s t reams,  
ya rd ing  through o r  a c r o s s  s t reams,  
machine o p e r a t i o n  n e a r  s t reams,  and 
t h e  removal of vege ta t ion  which has  
roots t h a t  s t r e n g t h e n  s o i l  s t r u c t u r e .  
Water- table i n c r e a s e s  i n  r i p a r i a n  
zones a.lso c o n t r i b u t e  t o  t h e  weakening 
of streambank s t r u c t u r e .  

Techniques t o  a s s e s s  t h e  r e l a t i v e  
' s t a b i l i t y  of streambanks t o  water  
e r o s i o n  o r  mechanical  d i s t u r b a n c e  have 
been developed (Pfankuch 19751, us ing  
ranking of s lope ,  v e g e t a t i o n ,  and bank 
m a t e r i a l s .  The ranking c l a s s e s  must 
be c a l i b r a t e d  t o  local  stream condi-  
t i o n s ,  however, and r e q u i r e  cons ide r-  
a b l e  judgment f o r  a p p l i c a t i o n .  The 

*most d i f f i c u l t  problems of streambank 
p r o t e c t i o n  are i n  small h i l l s i d e  
streams w i t h i n  proposed t i m b e r  h a r v e s t  
openings,  a c r o s s  which logs must be 
yarded.  Only s n o w  o r  good d e f l e c t i o n  
( c a b l e  sys tems)  w i l l  p r o t e c t  such 
channe 1 s . 

The p r o t e c t i o n  of streambanks on 
channe l s  wi thout  anadromous salmonid 
p o p u l a t i o n s  may be e q u a l l y  impor tant .  

streams is t o  avoid c r e a t i n g  new and 
p e r s i s t e n t  sediment sources ,  and t o  
avoid  in t roduc ing  d e b r i s  t h a t  can  c l o g  
channels  and induce c a t a s t r o p h i c  
d e b r i s  f lows ( s l u i c e- o u t s )  wi th  t h e i r  
r e s u l t i n g  downstream impacts.  

.The management o b j e c t i v e  i n  such 

Both streambanks and channels  may 
accumulate t h e  e f f e c t s  of f o r e s t  
h a r v e s t i n g  over  long per iods .  
Unpublished d a t a  from t h e  c e n t r a l  
i n t e r i o r  of B r i t i s h  Columbia sugges t  
t h a t  t h e  cumulative e f f e c t s  of 
debr is- induced channel  scour  and 
e r o s i o n  from c o l l a p s i n g  s k i d - t r a i l  
c u t s  have p r o g r e s s i v e l y  d e t e r i o r a t e d  
t h e  in- channel  cover  q u a l i t y  of 
streams t h a t  i n i t i a l l y  showed few 
impacts.  L i t t l e  documentation e x i s t s ,  
however, f o r  analyzing long-term 
impacts on channel  geomorphology. 

COVER 

The term "cover" r e f e r s  t o  a l l  
e lements  of f i s h  mic rohab i t a t  t h a t  
p rov ide  p r o t e c t i o n  from p o t e n t i a l  
p r e d a t o r s ,  c r e a t e  lower water  
v e l o c i t i e s ,  and enhance feed ing  
o p p o r t u n i t i e s  . Cover requirements 
vary according t o  f i s h  s p e c i e s  and 
l i f e  s t a g e .  

Changes i n  l a r g e  s u b s t r a t e  
( cobb les ,  bou lde r s )  from f o r e s t  
h a r v e s t i n g  a r e  u n l i k e l y ,  bu t  ' 

incrementa l  f i l l i n g  of i n t e r g r a v e l  
i n t e r s t i c e s  can r e s u l t  from p e r s i s t e n t  
sediment sources .  Other cover 
modi f i ca t ions  t h a t  are of major 
concern a r e  caused d i r e c t l y  by 
harves t ing ,  i n  s t reamside  zones-- 

. i n c l u d i n g  bank degradat ion ,  d e b r i s  
i n t r o d u c t i o n ,  and t h e  removal of low, 
overhanging s t reamside  vegeta t ion .  

The overzea lous  cleanup of logging 
d e b r i s  f r o m  stream channels  can cause  
major h a b i t a t  l o s s e s .  Channels from 
which imbedded l o g s  o r  roo t  wads have 
been removed r e t a i n  less  g rave l  and 
have less d i v e r s i t y  i n  pool  and r i f f l e  
morphology ( U S D I  F i sh  and W i l d l i f e  
Se rv ice  1 9 8 0 ) .  Maintaining in- st ream 
cover  and streambed d i v e r s i t y  u s u a l l y  
r e q u i r e s  t h a t  stream c lea rance  be done 
by hand i f  h a r v e s t i n g  o p e r a t i o n s  have 
in t roduced excess ive  organic  debris t o  
t h e  channel .  
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Manipulat ion of cover  du r ing  
h a r v e s t i n g  should be cons idered  i n  
streams wi th  h a b i t a t  d e f i c i e n c i e s .  
The i n t r o d u c t i o n  of a p p r o p r i a t e  l a r g e  
boulders ,  c r e a t i o n  of a c c e s s i b l e  s i d e  
channels ,  inducement of scour pools, 
and removal of b a r r i e r s  a r e  a l l  
p o s s i b l e  i f  b i o l o g i s t s ,  f o r e s t e r s ,  and 
eng inee r s  coopera te  i n  t h e  des ign  of 
logging  operations./ 

I n  gene ra l ,  f o r e s t  ha rves t ing  
reduces cover  d i v e r s i t y  i n  s treams.  
This  t r e n d  seems t o  be c l o s e l y  r e l a t e d  
t o  t h e  r educ t ion  i n  d e b r i s  s i z e  caused 
by h a r v e s t i n g  l a r g e r ,  old-growth t r e e s .  
Management of s tream morphology i s  
necessary  t o  o f f s e t  smal le r  s t e m  s i z e s  

. r e s u l t i n g  from second-growth f o r e s t q  . 

G/Unpublished manuscript  r e p o r t  , 
" E f f e c t s  of t h e  proposed Coqyihal la  
highway on t h e  f l u v i a l  environment and 
a s s o c i a t e d  f i s h e r i e s  resource ,  'I by M. 
J. Miles, E. A. Hardin, T. Rol le rson ,  
and R. K e l l e r h a l s .  Ministry of 
T ranspor t a t ion  and Highways, V i c t o r i a ,  
B.C., 1979.' ' 

R I P A R I A N  VEGETATION 

The role of r i p a r i a n  vege ta t ion  i n  
s t a b i l i z i n g  banks, p rov id ing  shade, a s  
a source of o r g a n i c  ma t t e r  and i n s e c t s ,  
and as  a b u f f e r  a g a i n s t  sediment and 
d e b r i s  t r a n s p o r t  i n t o  s treams has been 
mentioned. R ipa r i an  vege ta t ion  t h a t  - 
overhangs water  su r f  aces  ( less than  
1 m )  i s  p a r t i c u l a r l y  va luable  a s  
cover.  

Riparian v e g e t a t i o n  can be pro- 
t e c t e d  from t h e  d i r e c t  impacts  of 
logging by d i r e c t i o n a l  f e l l i n g ,  
high-def l e c t i o n  ya rd ing ,  maintenance 
of some deciduous s p e c i e s ,  and t h e  use 
of f i r e ;  most impor t an t ,  however, i s  
t o  a s su re  t h a t  equipment is not 
opera ted  near  streambanks - 

Some p l a n t  s p e c i e s ,  such a s  a l d e r ,  
have been shown t o  provide  cons iderably  
h igher  food v a l u e s  t o  t h e  s tream 
ecosystem than  c o n i f e r s .  The main- 
tenance of a l d e r  nea r  streambanks 
should be inco rpora t ed  i n t o  t h e  
f orest-management p l a n  whenever 
p o s s i b l e .  To p r o t e c t  r egene ra t ing  
c o n i f e r s ,  a l d e r  of seed- bearing age 
must be suppressed.  
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MIGRATION BARRIERS 

The c r e a t i o n  o r  e l i m i n a t i o n  of 
m i g r a t i o n  b a r r i e r s  is  more o f t e n  
a s s o c i a t e d  wi th  engineer ing p r o j e c t s  
t h a n  w i t h  t i m b e r  c u t t i n g  and yarding.  
Debr is  jams and t h e  r e s u l t s  of d e b r i s  
t o r r e n t s  a r e  obvious excep t ions ,  bu t  
numerous o t h e r  forms of b a r r i e r s  can 
a l s o  be c r e a t e d .  H i l l s i d e  d e b r i s  i s  a 
common cause  of c u l v e r t  blockage, 
p a r t i c u l a r l y  when it accumulates o v e r  
high-f low pe r iods .  Sediment deposi-  
t i o n  behind stream d e b r i s  can  a l s o  
create an o b s t r u c t i o n  t o  migra t ing  
f i s h .  ' 

Other forms of migra t ion  b a r r i e r s  
t h a t  may be i n d i r e c t l y  a s s o c i a t e d  w i t h  
h a r v e s t i n g  inc lude  t h e  dewatering of 
channels  i n  summer ( through sediment 
d e p o s i t i o n ) ,  i n c r e a s e s  i n  f low v e l o c i t y  
and t h e  e l i m i n a t i o n  o r  r educ t ion  of 
r e s t i n g  p o o l s  (by d e b r i s  removal and 
channel  s t r a i g h t e n i n g ) ,  t h e  c r e a t i o n  
of t o x i c  o r  low-oxygen zones when 
l a r g e  amounts of f i n e  organic  d e b r i s  
a r e  depos i t ed  i n  low-gradient  s treams,  
and t h e  c r e a t i o n  of h e a t  b a r r i e r s  i n  
l a r g e  open a r e a s .  A l l  of t h e s e  can be 
avoided i f  t hey  a r e  addressed i n  har-  

, v e s t  p lanning,  and n a t u r a l  b a r r i e r s  
may be c o r r e c t e d  when su i t ab le -  equip-  
ment i s  a v a i l a b l e .  

CBNCLUSIONS 
I have emphasized t h e  d i v e r s i t y  of 

p rocesses  and management o p t i o n s  t h a t  
l e a d  t o  consequences i n  a s t ream 
ecosystem. . G e n e r a l i z a t i o n s  t h a t  apply 
t o  a l l  i n t e r a c t i o n s  between logging 
and streams suggest  t h a t  t h e s e  s t e p s  
a r e  necessary t o  avoid  d e l e t e r i o u s  
impacts  on anadromous f i s h  h a b i t a t s :  

0 The t o l e r a n c e  and h a b i t a t  
f a c t o r s  l i m i t i n g  p roduc t ion  
f o r  t h e  s p e c i e s  p r e s e n t  i n  a 
system must be determined 
( W i s e r  and Bjornn 1979) .  

streamflow, temperature ,  
sediment regime, d e b r i s ,  and 
r i p a r i a n  v e g e t a t i o n  must be 
eva lua ted  (Swanston 1979) .  

0 The s t a b i l i t y  and probable  
hydrologic  response of a 
watershed t o  a l t e r n a t i v e  
h a r v e s t i n g  systems must be 
a s sessed  (Harr 1980a) . 
should  be des igned t o  minimize 
d e l e t e r i o u s  e f f e c t s  and t o  
enhance stream h a b i t a t ,  i f  
p o s s i b l e  (Narver  1972, . 

Bustard  1973, Moore 1978, 
Toews and Brownlee 1981) .  

e A l l  a c t i v i t i e s  t h a t  cou ld  
cause  mechanical  d i s r u p t i o n s  
of streambanks o r  t h e  removal 
of r i p a r i a n  v e g e t a t i o n  should  
be avoided. 

e The n a t u r a l  v a r i a b i l i t y  i n  

0 Harves t ing  methods and t i m i n g  
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Three. g e n e r a l i z a t i o n s  on e f f e c t s  
of f o r e s t  h a r v e s t i n g  are: . 

0 Water- quanti ty problems (or. 
b e n e f i t s )  are d i r e c t l y  
r e l a t e d  t o  how much is 
harves t ed  i n  a basin.  

o Problems w i t h  water q u a l i t y  
( e s p e c i a l l y  sediment pro- 
d u c t i o n )  may ar ise  from s m a l l  
b u t  c r i t i c a l l y  s e n s i t i v e  
zones i n  t h e  watershed as  a 
consequence of how ha rves t ing  
i s  conducted. 

0 Direct i n f l u e n c e s  t o  stream 
h a b i t a t  are u s u a l l y  a conse-  
quence of ha rves t ing  i n  t h e  
s t r eams ide  zone and can  be 
minimized by b u f f e r  strips o r  
by c a r e f u l  logging des ign  and 
execut ion .  
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