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PREFACE 

T h i s  document i s  w r i t t e n  primari ly f o r  f i e l d  workers respansible f o r  

des ign ing  and conducting mon i t o r i ng  programs i n  small wes te rn  salmonid streams 

af fec ted  by va r i ous  1  and uses, i n c l u d i n g  g raz ing  and t f  mber harvest p r a c t i c e s .  

Var iab les  t o  measure and types  o f  s t a t i s t i c a l  t e s t s  used t o  e v a l u a t e  responses 

of salmonids and h a b i t a t  t o  l and  use p r a c t i c e s  a re  presented. Users o f  t h i r  

document wi 11 need t o  be fami 1 i ar w i t h  s t a t i s t i c a l  concepts, i n c l  uding sampl j ng 

var iance,  conf idence i n t e r v a l s ,  probabi  l l t y  d i s t r i b u t i o n s ,  and hypothesi s 

t e s t i n g .  Statistical t e s t s  presented i n  t h i s  document can be performed on a 

hand-held calculator w i t h  l o g ,  a n t i l o g ,  mean, va r iance ,  standard d e v i a t i o n ,  

regress ion ,  and c o r r e l a t i o n  func t ions .  A s t a t i s t i c i a n  should be c o n s u l t e d  

p r i o r  t o  des ign ing  and conducting any monitor ing program. Mon i to r i ng  programs 

should be caord ina ted  w i t h  t h e  app rop r i a te  S ta te  f i s h  and game agency p r i o r  t o  

t h e i r  i n i t i a t i o n .  The authors  recommend t h a t  users o b t a i n  a copy o f  Methods 

f o r  Eva lua t i ng  Stream, R ipar ian ,  and B i o t i c  Cond i t ions  ( P l a t t s  e t  a l .  1983, 

U .  S .  D.A. F o r e s t  Serv ice,  Interrnountai  n  F o r e s t  and Range Experiment S ta t i on ,  

507 25th  Street, Ogden, UT 84401) f o r  use i n  combinat ion w i t h  t h i r  document. 
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CHAPTER I .  INTRODUCTION 

The western Un i ted  S t a t e s  i s  i n f l uenced  by many l and  management p r a c t i c e r  

t h a t  can a f f e c t  f i sh, i nc l  ud i  ng energy devel  opment, l i vestock grazi ng , t imber  

harves t ,  rec lamat ion  o f  deser t  land for a g r i c u l t u r e ,  and use o f  wa te r  f o r  

i r r i g a t i o n .  T h i s  document i s  in tended t o  a i d  f i e l d  personnel  i n  designing 

mon i to r i ng  programs t o  eva lua te  t h e  e f f e c t s  o f  l and  management practfces on 

a q u a t i c  resources,  especi a1 ly on smal l sa I monid streams i n  t he  West. SarnpJ i n g  

techniques and s t a t i  s t i c a l  t e s t s  for ana7yzi ng da ta  are emphasized. 

The scope o f  a mon i t o r i ng  program depends on i t s  purpose and a v a i l a b l e  

human resources and funds. Mon i t o r i ng  programs may be i n i t i a t e d  f o r  several  

reasons; e .g .  , t o  provide t h e  da ta  f o r  use i n  court  t o  subs tan t i  a t e  an agency's 

p o s f t i o n  on management approaches, t o  j u s t i f y  implementing a management program 

e l  sewhere, or t o  eva lua t e  t he  general condi t l o n  of an area f o l l o w i n g  a land  

use change. If d a t a  are t o  be used i n  court, Guide l ines  f o r  Prepar ing Exper t  

Testimony i n  Water Management D e c i s i o n s  Related t o  Instream Flow Issues, by 

Lamb and Sweetman ( 19791, should be consul ted.  

Steps  f o r  plann ing  a successful stream mon i to r i ng  program are o u t l i n e d  i n  

Fjgure 1. Step 1 (Base? ine Eva1 uation) 4 s c r f  t i c a l l y  impor tan t .  Documentation 

o f  b a s e l i n e  cond i t i ons  and f a c t o r s  a f f e c t i n g  aquat ic  resources i s  a necessary 

basis f o r  a sound management program. 



I 

1) Obtain basel ine data; 
determine present con- 
d i t i o n  o f  f i s h  and 
habi ta t ;  determine 
management poten t i  a1 
and f a c t o r s  prevent ing 
po ten t i a l  from being 
met .  

2) Develop r ea l  i s t i  c 
management objec ti ves 
for f i s h  and h a b i t a t  
t h a t  are q u a n t i f i a b l e  
and f o r  which results 
are measurable. 

3) Design s i  te-specifi c 
management plan for 
achieving ob ject ives.  

1 
I 

4) Develop monitor ing 
program t o  determi ne 
through hypotheses 
t e s t i n g  i f  ob jec t i ves  
are met. 

5) Conduct monitor ing 
program; perform 
analyses t o  test 
hypotheses. 

4 
I1 + 

6A) Determine t h a t  management 6B) Determi ne t h a t  management 
objectives are met. ob jec t i ves  are not met. 

7A) Modify ob ject ives;  7B) Modify management t o  
meet o r i g i n a l  objec- 
t i ves ;  repeat  process. 

Figure  1 . Steps j n a stream monitor ing program. 



When base l ine  cond i t i ons  are measured i n  order t o  evaluate t h e  s t a t u s  o f  

h a b i t a t  and f i s h  communi t ies,  a preliminary p i l o t  survey j s  essent ia l  i n  

determin ing i f  planned sampl i n g  approaches and methods are feasible (Green 

1979). Advantages and disadvantages of a g iven  method, t ime and f i n a n c i a l  

cons t ra in t s ,  and personnel a v a i  1 ab i  7 i t y  and t h e i r  e x p e r t i  se should be consid- 

ered on a s i t e - s p e c i f i c  b a s i s  i n  determin ing t h e  bes t  method. The p r a c t i c a l i t y  

o f  the sampl 5ng technique a1 so needs to be considered; e . g . ,  sampl i n g  equipment 

must  be po r tab le  i f  a study site i s  not e a s i l y  accessible .  It i s  advisable to 

use t h e  same methods i n  areas where sampling has p rev ious l y  occurred i d  data 

comparab i l i t y  i s  desired.  I f  sat fsfactory sampling methods have no t  been 

developed f o r  a va r i ab le ,  i t  m j g h t  be necessary to s e l e c t  another variable f o r  

measurement or t o  develop new sampling methods. S e l e c t i o n  o f  a s u b s t i t u t e  

v a r i a b l e  w i t h  established sampling methods may be p re fe rab le  t o  trying t o  

develop a new, untested sampling method. 

C r i t e r i a  f o r  use i n  se lec t i ng  t h e  v a r i a b l e s  t o  measure include: 

1. Expected responsiveness o f  variables ta h a b i t a t  management a c t i o n s  

and measurability of the responsiveness;  

2. F e a s i b i l i t y o f  precise sarnpl ing(Green1979);  

3. Feasibility o f  sampling a t  reasonable c o s t s  (Green 1979; H i r sch  

1980) ; 

4. Legal s t a t u s o f  t h e v a r i a b l e s ;  e . g . ,  endangered species; and 

5.  Level o f  the va r i ab les  i n  t h e  t r o p h i c  structure, such as t o p  preda- 

tors o r  organisms t h a t  can serve a s  integrators o f  h a b i t a t  qua1 i t y  

(H i  rsch  1980). 

Variables chosen must be closely re lated  t o  the  cause and e f f e c t  r e l a t i o n -  

ship to be e f f e c t i v e  i n  the  e v a l u a t i o n .  For  example, f f  the program ob jec t i ves  

are t o  determine the e f f e c t s  o f  grazjng on trout biomass, changes i n  the 



h a b i t a t  resulting from graz ing  and changes i n  t h e  trout biomass should be 

measured. A more cornprehensf ve process f o r  s e l e c t i n g  measurement v a r i a b l e s  i s  

described by Fritz e t  a l .  (19801, 

The c o s t  o f  t h e  mon i to r ing  program w i l l  a f f e c t  i t s  design.  I f  t he  planned 

cos t  i s  n o t  w i t h i n  t he  f i n a n c i a l  means o f  t h e  invo lved  agencies ,  t h e  m o n i t o r i n g  

program may not  be implemented. Green (1979:180) advises: 

The bes t  r u l e  t o  f o l l o w  f o r  both t h e  number o f  b i o t i c  variables 

and t h e  number o f  environmental  v a r i a b l e s  i s  t h e  fewer  t h e  

b e t t e r ,  consi  s t e n t  w i t h  adequate description o f  the impact 

e f f e c t s  and any n a t u r a l  background v a r i a t i o n .  

Management o b j e c t i v e s  (S tep  2) should be s t a t e d  c l e a r l y  and p r e c i  sety. 

For example, the objective might be to narrow t h e  s t r e a m  w i d t h  by 50% i n  a 

badly degraded area or t o  e s t a b l i s h  enough streamside vegeta t ion  t o  lower t h e  

water  temperature  by 3 O  C d u r i n g  t h e  h o t t e s t  per iods  o f  t h e  summer. A f i s h -  

e r i e s  management o b j e c t i v e  migh t  be t o  improve h a b i t a t  t o  such a degree t h a t  

mean l e n g t h  o f  f i s h  would increase by 25%. 

The s i t e - s p e c i f i c  management p lan  (Step 3) f o r  meet ing t h e  o b j e c t i v e  I s  

best developed through an I n t e r d i s c f p l S n a r y  approach. For  example, i f  the 

study s i t e  i s  on a rangeland, the p l a n  should be developed wlth p a r t i c i p a t i o n  

o f  special i s t s  i n  range  conservat ion,  as we1 1 as  watershed management, so i  1 s ,  

hydro1 ogy, and a q u a t i c  b i o l o g y .  Thi  s i n t e r d i  s c i p l  i nary approach he1 ps ensure 
t h a t  t he  management plan wi l l  be practjcal, technical ly f e a s i b l e ,  and compat- 

i b l e  w i t h  o b j e c t i v e s  f o r  f i s h  and a q u a t i c  h a b i t a t .  Management plans should be 

designed to solve and prevent  problems a f f e c t i n g  t h e  resources, n o t  t o  p rov i de  

temporary stop-gap i rnprevemen t s  w i t h  no 1 a s t i  ng impact .  

Considerat1 ons f o r  design1 ng a successfu l  mon i t o r i ng  program (Step 4) a r e  

discussed i n  Chapters I V  and V.  Above a l l ,  t h e  purpase o f  t h e  program should 

be t o  determine i f  management o b j e c t i v e s  f o r  f i s h  and aqua t i c  h a b i t a t  are  met, 

not merely t o  collect data. When t he  program i s  designed, t h e  appropriate 



sampl ing frequency and d a t e s ,  t h e  number o f  rep7 i ca tes ,  and t h e  s t r a t i  f i c a t J o n  

o f  sampling, i f  necessary, need t o  be included. Green (1979:70) l i s t s  t he  

f o l  1 awing prerequisites f o r  op t ima l  program d e s i g n :  

... a t  l eas t  one t i m e  o f  sampling befo re  and a t  least one after 

the  impact [ o r  management program] beg ins ,  a t  l e a s t  t w o  loca- 

t i o n s  d i f f e r i n g  i n  degree o f  impact [or management], and 

measurements on an e n v i r o n m e n t a l  as w e l l  as  a b i o l a g i c a l  

v a r i a b l e  s e t  i n  a s s o c i a t i o n  w i t h  each o the r .  

A control i s  needed i n  both t i m e  and space whenever circumstances p e r m i t  

t h i s  type of d e s i g n .  A l s o ,  i t  i s  a d v j s a b l e  to take a ser ies  o f  photographs  a t  

permanent l o c a t i o n s  before,  dur ing ,  and a f t e r  management t o  v i  sual ly document 

changes. 

The sampling des ign  must .be s u i t a b l e  f o r  t e s t i n g  hypotheses related t o  

responses of the s i t e  to change. Therefore, the  statistical design o f  the 

program must be appropriate for t he  s t a t i s t i c a l  tests  t o  be performed, t h e  

sampling strategy, and t h e  p r o p e r t i e s  of t h e  data t h a t  will be collected. 

A f t e r  the monitoring program i s  designed, data  are collected (Step 5). 

It i s  impor tan t  t o  emphasize t h a t  even a correctly des igned  mon i t o r i ng  program 

w i l l  f a i  1 i f  poor data collectton occurs in the f i e l d .  Hunter (1980) empha- 

s i z e d  the need f o r  o b t a i n i n g  h i gh  qua l i t y  data w i t h  dependable measur ing 

techniques. The use of trained,  experienced, and re1 i a b l e  f i e l d  personnel i s 

necessary to o b t a i n  dependable resuf ts. Factors other t han  poor  data cel l  ec- 

t i o n  techniques  [Chaper I V )  can adversely a f f e c t  mon i t o r i ng  programs i f  precau- 

t i o n a r y  measures are n o t  t a k e n .  Unusual f f e l d  conditions t h a t  could a f f e c t  

the results  o f  a program i n  progress should be documented. If these cond i t i ons  

are d e t e c t e d  early enough, c o r r e c t i v e  measures t o  p r e v e n t  t h e  program f rom 

f a i f  i n g  may be poss ib l e .  



The collected d a t a  should be analyzed to eva7 u a t e  the s t a t i s t i c a l  s i g n i f -  

icance o f  any di f fe rences  between managed s i t e s  and c o n t r o l  s i t e s .  As p o i n t e d  

o u t  by Green (1979: 63-64) : 

Having chosen the b e s t  statistical method t o  t e s t  your hypo- 

t h e s i s ,  s t i c k  w i t h  t h e  result .  An unexpected or undesired 

resul t  i s  no t  a v a l i d  reason f o r  r e j e c t i n g  t h e  method and 

h u n t i n g  fo r  a '%better" one. 

I f  an unexpected result i s  obtained, an e x p l a n a t i o n  should be attempted. 

The lack o f  a significant d i f f e r e n c e  between pre- and postmanagement values 

does n o t  n e c e s s a r i l y  mean t h a t  a change has no t  occurred. F a i l u r e  t o  detect  a 

change may be due t o  several reasons,  i n c l u d i n g  poor program design,  extreme 

v a r i a b i l i t y  i n  the data ,  i n s u f f i c i e n t  sample s i z e ,  and s t a t l s t i c a l  t e s t s  t h a t  

are  n o t  s u f f i c i e n t l y  s e n s i t i v e .  

Hollr  ng (1978) 1 i s t s  f o u r  types o f  environmental assessment i nforrnatf on 

t h a t  should be considered i n  data interpretation: (1) the data base, both 

ac tua l  measurements and assumptions; (2) t h e  technical  methods used i n  t h e  

analysis  and t he i r  assumptions; (3) t he  r e s u l t s  o f  t h e  analyses; and ( 4 )  t h e  

conclusians derived from t h e  results. Holling further s t a t e s  t h a t  the l a s t  
two  types o f  in format ion  have the highest  prjori ty; both of these types have 

two f a c e t s ,  t h e  literal meaning o f  t h e  results  and t h e  degree o f  p r o f e s s i o n a l  

confidence i n  the  resu l t s .  In format ion  obta ined  f rom t h e  monitor ing program 

should be assembled i n t o  a fo rmat  t h a t  i s  understandable by resource spe- 

c l a l  i s t s  and dec i  sionmakers ( S t a t e s  et a1 . 1978). 

After Step 5 (F jg .  1 )  i s  completed, a f i e l d  special is t  can conclude,  w i t h  

an es tab l ished  degree o f  s t a t i s t i c a l  conf idence,  whether o r  n o t  management 

o b j e c t i v e s  a r e  m e t  (Step 6A o r  Step 60). I f  o b j e c t i v e s  are  n o t  m e t ,  assuming 

adequate t ime has lapsed f o r  t h e  s i t e  to respond to management, t h e  o r i g i n a l  

objec t ives  can be modi f ied  (Step 7A) or d i f f e r e n t  rnana'gernent ac t ions  can be 

taken t o  meet t h e  o r i g i n a l  objectives. Management practices can be advanced 

when unsuccessful practicer documented dur ing  a moni tor ing program are  avoided 

a t  o t h e r  s i t e s .  
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CHAPTER 11. LAND USE IMPACTS AND VARIABLES TO MEASURE 

ADVERSE IMPACTS OF LAND USES 

Management programs can be undertaken t o  jrnprove stream c o n d i t i o n s  

adversely  impacted by var ious  l a n d  uses.  Therefore, it i s  necessary t o  under- 

stand how land use p r a c t i c e s  can impact streams ( F i g .  2). Impacts are n o t  

always detrimental , and t h e  importance o f  i n d i v i d u a l  impacts w i  11 vary among 

streams. For ins tance ,  an i n c r e a s e  i n  water  temperature due to removal o f  

riparian vegetat jon can be b e n e f i c i a l  i n  areas where t h e  waters a r e  too cold 

f o r  good salmonid growth. However, o n l y  p o t e n t i a l  adverse i m p a c t s  are 
discussed i n  t h i s  document. En t h e  West ,  overgrazing and improper t imber  

harves t ing  and mining p r a c t i c e s  are among t h e  several f a c t o r s  that can damage 

aquatf c h a b i t a t s  and salmonf d populat ions.  

Overgrazing by l i v e s t o c k  has a variety o f  p o t e n t i a l  adverse  impacts 

(Lusby 1970; Armour 1977; Behnke and Ra le igh  1978; Bowers e t  a l .  1979; Cope 

1979; P l  a t t s  1979). L ivestock can compact t h e  s o i  1 ,  reduce ground cover,  and 

t rample  stream banks, which can result  i n  increased e ros ion  and sedimentation 

i n  t h e  stream. Salmonid spawning and r e a r i n g  h a b i t a t  may be l o s t ,  i n  a d d i t i o n  

to reduct jons i n  macro1 n v e r t e b r a t e  populat ions,  which are Important  sal monid 

food. Overgrazing can a f f e c t  stream depth,  pool and rubble r e l a t i o n s h i p s ,  

water temperature, and protective cover t o  the de t r iment  o f  sal moni ds . 

Timber harvest  and associated a c t i v i t i e s  (e  .g .  , road c o n s t r u c t i o n )  can 

impact streams i n  s i m i  1 a r  ways t a  overgraz ing , i ncl vd i  ng compacting s o l  1 and 
decreasing ground cover ,  rerul ti ng i n  increased surface runo f f ,  eros lon ,  and 

sedimentation i n  the stream (Brown and Krygier 1970, 1971; Burns 1970; Gibbons 

and S a l o  1973; Brna 1977; Harr e t  a1 . 1979; Yee and Roelofs  1980). 



Adverse 1 and use pract l  ce 

Figure 2. P o t e n t i a l  impacts o f  diverse l a n d  uses en salmonids. The impacts 
can resuF t from several fac tors ,  incl udi ng improperly managed graz ing , min ing , 
timber harvesting, and recreation uses.  
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Impacts due to m i n i n g  v a r y  depending an t h e  p r o x i m i t y  of the mine t o  the 

stream, min ing  methods, and the ore being mined. Surface m i n i n g  d is turbance 

can increase runoff by decreasing the i n f i l t r a t i o n  r a t e  and reducfng the 
hydrau l ic  res i s tance  o f  t h e  sur face  (U.S. Forest Service 1980). A ma jo r  

p o t e n t i a l  impact o f  surface min ing  i s  the  c o n c e n t r a t i o n  o f  s a l t s  and heavy 

m e t a l s  i n  t h e  r u n o f f  w a t e r .  Overland f l o w  w a t e r  and seepage f rom t h e  s p o i l  
materials may be contaminated w i th  m a t e r i a l s  t ha t  are t o x i c  t o  a q u a t i c  

organisms. Runoff  and sur face drainage f l ow ing  over and th rough  copper spoi 1 

tends t o  contain heavy metals and be s l i g h t l y  a c l d i c ,  w h i l e  wa te rs  f l ow ing  ' 

over  and th rough  coal ,  benton i te ,  o i l  s h a l e ,  phosphate, uranium, and gypsum 

may con ta in  substances t h a t  adversely  impact salmon i d s  (Moore and M i  11 s 1977). 

Roads associated wjth a mine may have a greater impact on the surface water 
f l o w  and w a t e r  p o l l u t i o n  than impacts  direct ly  assoc ia ted  with a d i s t u r b e d  

mine s i t e  ( U . S .  Forest Service 1980). 

SELECTION OF VARIABLES TO MEASURE 

Variables to be moni tored (Tab1 e 1 )  should be re1 ected carefully for the 
m o s t  direct  cause and e f f e c t  r e l a t i o n s h i p s .  F o r  example, symptoms o f  over- 

grazing are bank sloughing, increases i n  stream w id th ,  and decreases i n  s t r e a m  

depth. Improved management should  r e s u l t  i n  t h e  rees tab l i shment  o f  a deeper, 

narrower stream channel t h a t  supports more salmonids.  Key variables t o  measure 

i n  t h i s  s i t u a t i o n  would be stream w id th  and depth,  streambank s t a b i l i t y ,  

amount o f  riparian v e g e t a t i o n ,  and salmonid population s i z e .  

Key H a b i t a t  Variables 

Width and depth. The w i d t h  and depth o f  streams (F ig .  2) can change w i t h  

d i f f e r e n t  land uses, due t o  changes i n  stream bank s t a b i  1 i t y .  The recovery o f  

a degraded stream i s  accornpanfed by changes i n  stream width, depth, substrate, 

cover f o r  f i s h ,  and bank and channel s t a b i l i t y .  Stream width and depth are 

especial ly important because several types of improper 1 and use practices may 

result 1 n i nstabi 1 i t y  and s lough ing  o f  stream banks. 



Table 1. Key v a r i a b l e s  f o r  which measurement methods are 
presented in Chapter 111 o f  t h i s  manual. 

Variabl e s  

Habj t a t  F i she r i es  

Stream width Spec ies  composit ion 

Stream depth R e l a t i v e  abundance 

Discharge Lengths  

Water v e l o c i t y  Weights 

Bottom s u r f a c e  substrate Popu? a t i  on numbers 

Embeddedness Biomass 

Streambank stability rating 

Cover 

P o o l s  and r i f f l e s  

Temperature 

Stream discharge and velocity. Stream discharge can be a f f e c t e d  by 

t imber  h a r v e s t i  ng , overgrazi ng , and mi n i  ng when v e g e t a t i o n  on 1 ands a d j a c e n t  

t o  the st ream i s  removed o r  damaged. General ly, when vegetation i s  adversely 

af fected,  t h e  result i s  greater f l u c t u a t i o n s  i n  d ischarge on an annual bas i s  

w i t h  a greater peak runoff and' reduced 1 ow f lows .  Intermittent stream condi- 

tions a l s o  may develop.  Streams wi th  unstable discharge regimes are poor  

h a b i t a t s  f o r  f i s h  (Hynes 1970). Hynes considers t h e  ra te  o f  f l o w  and f l u c t u a -  

t i o n  i n  discharge t o  be t w o  o f  the most impor tan t  abiotic f a c t o r s  a f f e c t i n g  

f i s h  i n  r vnn jng  waters .  V e l o c i t y  i s ,  by i t s e l f ,  an important  attribute, 

especially as i t  relates t o  substrate. 



Bottom subst ra tes .  Subs t ra te  i s  an important aspect o f  t h e  f i s h  h a b i t a t  

and i s  a f f e c t e d  by sedimentat ion.  Where sediment in f lux  t o  t h e  stream exceeds 

t h e  capac i t y  o f  the s t ream to t r a n s p o r t  t h e  sediment o r  f l u s h  i t  out ,  deposi- 

t i o n  occurs. Sedimentation can be harmfu l  t o  salmonid rep roduc t i ve  success. 

Salmonids  spawn In grave l  r e l a t i v e l y  free o f  sediments;  o therwise eggs and 

l arva7 fish may s u f f o c a t e  (Be1 1  1973; Armour 1977). Su f f oca t i on  occurs because 

sediment f i 11 s i n t e r g r a v e l  spaces which  reduces percola t ion ,  1 esseni ng oxygena- 

t l o n  and the  f l u s h i n g  of embryonic w a t e r s .  The "smothering" o f  eggs by sedi- 

ment a l so  can promote the growth o f  f u n g i ,  which may spread f r o m  dead eggs 

throughout  the entire redd. A d d i t i o n a l l y ,  hatched f i s h  can be trapped by 

sediment du r i ng  emergence from the g rave l .  Ernbeddedness p e r t a i n s  t o  t h e  

degree t h a t  the 1 arger p a r t i c l e s  boul der , rubble, or gravel  ) are  surrounded 

o r  covered by f i n e  sedimenf (Platts e t  a1 . 1983). A s  t h e  percen t  o f  s u b s t r a t e  

ernbeddedness decreases, t he  b i o t i c  p r o d u c t i v i t y  i n c r e a s e s .  

Bank and channel stability and cover .  When the banks and channel a r e  

unstab le ,  t he  resul ti ng erosion can decrease f i sh cover and i ncrease sedimenta- 

t i o n  downstream. Cover for ra7rnonidr c o n s i s t s  of sheltered areas i n  a s t ream 

channel where f i s h  can rest and h ide  f rom p r e d a t o r s .  Thus, cover  i s  a p r imary  

requirement a f  s u f t a b l e  h a b i t a t .  I n  sma l l  streams, important sources o f  cover 

are streamban k ( ripari an) v e g e t a t i  on and overhanging banks, both of w h i  ch can 

be adversely a f f e c t e d  by several land uses, i n c l u d i n g  overgrazing. 

Pools and r i f f l e s .  Although p o o l s  a re  impor tan t  t e  f i s h  as  r e s t i n g  a r e a s  

and cover, food p roduc t i on  by benth ic  macroi  nvertebrates i s o f t e n  greatest i n 
t h e  riffle areas (Usinger 1974). To s u s t a i n  good f i s h  popu la t ions ,  t h e r e  

should be a balance between t he  amount o f  p o o l s  and r i f f l e s .  

Water temperature. Water temperature el evat-i ons  can a f f e c t  salmonid 

growth, 1 arvae and egg development , feed i  ng , swi m m i  ng endurance, and reproduc- 

t i o n .  Temperatures t h a t  are too warm a1 so can resvl t i n  direct m o r t a l i t y  and 

i ncreased d i  sease problems. Hynes (1970) considers  water temperature one o f  



t h e  most Smportant  a b i o t i c  f a c t o r s  i n  t h e  h a b i t a t  o f  f i s h  i n  l o t i c  waters. 

Water temperatures are particularly c r i t i c a l  i n  smal l streams wf t h  l irnited 

volumes o f  w a t e r  where even smal l  changes f n t h e  amount o f  shading can resu l t  

i n  d r a s t i c  temperature f 1 u c t u a t i o n s .  

Key Sa lmonid  Variables 

The key v a r i a b l e s  f o r  salmonids include s p e c i e s  composit ion, re1 a t i v e  

abundance, length-weight re1 a t i o n s h i p s ,  p o p u l a t i o n  numbers, and biomass. 

Improvements of these v a r i a b l e s  should be the o b j e c t i v e  o f  a sa lmon id  manage- 

ment p l a n .  For  example, a management o b j e c t i v e  may be t o  produce l o n g e r ,  

heavier f i s h .  A f t e r  management has been implemented long enough t o  a f f e c t  

f j s h  growth, f i s h  l e n g t h s  and weights can be m o n i t o r e d  t o  determine i f  t h e  

management o b j e c t i v e  was met. 

OTHER MEASUREMENTS 

There are stream features, o the r  than the key variables discussed i n  t h i s  

document, that may be o f  in te res t  f rom a management s t a n d p o i n t .  These 

variables can be meastlred if s u f f i c i e n t  t i m e  and money are a v a i l a b l e .  For 

example, -If the  response o f  t h e  ecosystem as a who le  i s  of concern, u n i t s  o f  

t h e  aquat ic  community (i ncf uding benthic macroinvertebrates] can be studied. 

Macro inver tebra te  variables t h a t  m i g h t  be measured i nc lude  biomass, spec ies  

compos i t i on ,  and d r i f t  o r  emergence. Other salmonid variables t h a t  might be 

of interest under  some circumstances include n e t  produc t ion ,  age and growth 

e s t i m a t e s ,  fecund i ty ,  pa ras i t i sm ,  and disease i n c i d e n c e .  
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CHAPTER IIT . MEASUREMENT TECHNIQUES 

Sampl ing and measurement techniques for  t h e  variables t a  be monitored are 

presented in t h i s  chapter .  Techndques discussed do not include all those 

currently used. Procedures selected f o r  inclusion are re la t ive ly  easy to 

apply, can be analyzed statistical ly, and are  applicable to small western 

s t reams.  A d d i t i o n a l  techniques that may be needed are referenced. 

The following general sampl ing  procedures should be followed in  any 

monitoring program: 

B e f o r e  going into the field: 1 -  - 

a .  Compile a check1 i s t  o f  necessary equipment; 

b. Check equipment to make certain it i s  operating correctly; 

c. I n f o r m  personnel of their program responsibi 1 i t i e s  and t r a i n  

them a s  needed t o  perform t h e  necessary field work; and 

d. Document selected sampling procedures. 

2. A complete description o f  t h e  sampling sites should be made durjng 
the first sampling trip so that t h e  sites can be easi ly  relocated by 

new personnel. 

3. Photograph t he  sites b e f o r e ,  dur ing ,  and a f t e r  treatment from 

permanent photo p o i n t s .  



4 .  Take c a r e f u l  f i e l d  n o t e s  on each sampllng t r i p ,  i n c l u d i n g  in format ion  

on the sampling s i t e ,  t i m e  o f  sampl ing,  weather c o n d i t i o n s ,  and any 

unusual h a b i t a t  c o n d i t i o n s  (e  .g . , especi a7 l y  turbid w a t e r ) ,  

5. When sampl i ng , do no t  d i  s t u r b  t h e  s i t e  t o  such a degree t h a t  measure- 

ments o f  other a t t r i b u t e s  are a f fec ted .  

Both c o n t r o l  and sampl-e s i t e s  should be a t  l e a s t  100 rn i n  l e n g t h ,  ff 

possjble,  and should be permanently marked w i t h  stakes or f l a g s .  Control  

s i t e s  should be both physical l y  and b i o l o g i c a l  3y s i m i  1 a r  to t h e  site t h a t  w i  11 

be managed. I f  o n l y  one c o n t r o l  s i t e  i s  used, i t  should be upstream from the  

t rea tment  s i t e .  If t h e  control s i t e  must be i n  a n o t h e r  stream, t h e  streams 

should be s i m i l a r  o r  'the d i f f e r e n c e s  should be well documented i n  advance o f  

any management changes o r  m o n i t o r i n g  a c t i v i t i e s .  The c o n t r o l  and t rea tment  

s i t e s  should be t h e  same siire and have t h e  same stream g r a d i e n t .  Walkotten 

and Bryant  (1980) d e s c r f b e  a sfmple i ns t rument  t h a t  does not r e q u f r e  1  i n e  o f  

s i g h t  t h a t  can be used t o  measure s t ream channel grad ient  and p r o f i l e s .  

Topographic maps produced by t h e  U.S. Geological  Survey can be used t o  estimate 

g r a d i e n t .  

Sampling should be conducted a t  similar t imes  f o r  each s i t e  and year. 

High and low water  c o n d i t i o n s  have profound impacts on t h e  p h y s l c a l  and b io log -  

i c a l  enviranment o f  t h e  stream so t h e s e  cond i t i ons  must be considered when 

sampl i ng programs a r e  desigfied and conducted. 

I t  i s  recommended t h a t  m e t r i c  u n i t s  be used i n  a l l  sampling measurements. 

If Engl ish  units are used, they can l a t e r  be conver ted t o  m e t r i c  u n i t s  (see 

Appendix A f o r  common convers ions ) .  



KEY HABITAT VARIABLES 

Width 

Stream width measurements,  a t  t h e  w a t e r  s u r f a c e  l e v e l ,  should be made a t  

severa l  equally spaced t r a n s e c t s  a l o n g  both the control and managed s i t e s  

( F i g .  3). The number o f  t r a n s e c t s  depends on t h e  v a r i a b i l i t y  i n  w i d t h  i n  t h e  

sample s i t e s .  Minjmally, 10 permanently marked transects should be measured. 

Measurements shou ld  be t a k e n  perpendicular to the f l o w  o f  t h e  water w i t h  a 

tape measure stretched across the stream from one bank t o  t h e  o t h e r  ( F i g .  4). 

I f  the stream i s  divided into two channels,  each channel shou ld  be measured 

separate ly .  I f  the stream i s  t o o  wide to use a t a p e  measure, a survey instru- 

ment should be used to determine wid th .  Stream width  can be computed as  t h e  

average o f  t h e  "n" measured w i d t h s  : 

1 @ = - (W1+ W* + . . . . + Wn ) 
n 

where Wi = i n d i v i d u a l  w l d t h  measurements 

n = number o f  t r a n s e c t s  i n  t h e  sample 

The channel w id th  can be measured a s  an a l t e r n a t i v e  to stream width. 

This  type o f  measurement may be more u s e f u l  i f  large f l u c t u a t i o n s  in discharge 

are expected. The wid th  o f  t he  channe l  should be measured at maximum bankful  

w a t e r  l e v e l  s .  



Figure 3 .  Spacing o f  t r a n s e c t s  a long  t h e  thalweg o f  a stream 
should be equ id i s tan t ;  e . g . ,  each l e n g t h  ind icated  by an ' ( 1-10) i s  t h e  same throughout.  



Figure 4. Stream width ( W )  , depth ( d )  , and ve loc i ty  ( V )  measurement 
l o c a t i o n s  on a transect. Stream width usually i s  measured as t h e  
distance of the  observable water surface between banks. Depth 
i s  calculated as the  average o f  several  values across a transect. 
Distances between sampling p o i n t s  (e.g.,  XI and X 2 )  are equal. 
Widths o f  sampl i n g  cel ls  (e .  g. , w l  and w 2 )  are a1 so equal.  



Depth 

Stream depth should be measured a1 ong the permanent transects establ i shed 

f o r  measuring s t ream w i d t h  (F ig .  4). Far each t ransec t ,  t h e  average depth i s :  

- 1 d = -(d n 1 * d p  + ... + d") 

where d.  = an i n d i v i d u a l  depth measurement on t he  t r a n s e c t  
1 

n = number o f  measurements taken on t h e  t r ansec t .  The average depth 
o f  t h e  s i t e  i s  t h e  average o f  t h e  depths f o r  a l l  the transects 
i f  t h e  transects are equally spaced. 

Ye1 o c i  ty and Di scharge 

The procedure used to measure v e l o c i t y  and discharge depends on the 

purpose o f  t he  mon i t o r i ng  program and t h e  p r e c i s i o n  required. Mean channel 

v e l o c i t y  o r  discharge are measured a l o n g  a t r a n s e c t  perpendicular t o  t he  

stream f l ow .  dl t e r n a t i  v e l y ,  t h e  v e l o c i t y  o f  salmonid rnicrohabi tat ( e .  g . ,  

velocity of water th rough  spawning g r a v e l )  may be measured. 

Ve loc i t y .  Current  meters  are commonly used to determine vel o c l t y  (m/sec 

o r  f t / k e c ) .  Some current meters regi ster rev01 utions p e r  rnl nute,  from which 

t he  v e l o c i t y  1 s calculated; e t h e r  cur rent  m e t e r s  measure v e l o c i t y  directly. 

The me te r  must be f a c i n g  directly i n t o  t h e  stream f l o w  and sampling should n o t  

be done i n  t u r b u l e n t  areas because i naccura te  readings w i l l  result .  Current  

meters need t o  be carefully used and calibrated. 

V e l o c i t y  v a r i e s  w i t h  stream d e p t h  (F ig .  5) and width.  The v e l o c i t y  

approximates zero a t  t h e  channel bed and increases toward t h e  water s u r f a c e .  

The veloc i ty  measured a t  0.6' o f  total d e p t h  f rom t h e  sur face o f  t h e  water i s  

approximately the mean ve toc i  t y  f o r  the vertical section.  The average o f  the 

velocity taken a t  0.2 and 0.8 o f  t o t a l  depth i s  a close approx ima t ion  of t he  
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mean v e l o c i t y  va lue  (Leopo ld  e t  a1 . 1964). The shape o f  t he  v e l o c i t y  d i s t r i b u -  

t i o n  c u r v e  depends on t h e  roughness o f  t h e  s t ream bed. Fo r  a g i v e n  depth o f  

f l o w ,  t he  rougher t h e  stream bed, t h e  greater t h e  l o s s  o f  t u r b u l e n t  energy a t  

the bed, wh ich  results i n  a steeper g r a d i e n t  o f  v e l o c i t y  toward  t h e  bed 
(Leopold e t  a l ,  1964). V e l o c i t y  measurements should be taken a t  e q u a l l y  

spaced l o c a t i o n s  a l o n g  t h e  tranrect so  t h a t  an average v e l o c i t y  can be e a s i l y  

calculated. The mean v e l o c i t y  o f  t h e  channel v a r i e s  a l o n g  the s t ream s e c t i o n ,  

depending on cross sectional area. It is recommended by t h e  a u t h o r s  t h a t  t h e  

ve loc j ty  measurements be taken a t  0.6 of  the t o t a l  depth f r o m  t h e  s u r f a c e  o f  

the  w a t e r  a t  t h e  same l o c a t i o n s  t h a t  d e p t h s  a r e  measured ( F i g .  4 ) .  

It i s  p o s s i b l e  t o  approx imate  w a t e r  v e l o c i t y  by p l a c i n g  an ob jec t  o f  

neutral buoyancy in the main current and t i m i n g  how long i t t a k e s  t h e  ob jec t  

t o  reach a prede te rm ined  place i n  t h e  stream. Leapold et a l .  (1964) s t a t e  

t h a t  an est imate  o f  mean v e l o c i t y  i n  a g i v e n  v e r t i c a l  p o s i t i o n  can be obta ined  

by t i m i n g  the  rate o f  t r a v e l  o f  an up r igh t  f l o a t  and m u l t i p l y i n g  t h i s  r a t e  by 

0.8. Fluorescent dyes and s a l t  solutions can a l s o  be used to determine t h e  

f l o w  rate ( S t a l n a k e r  and A r n e t t e  1976a). The advantage o f  these methods i s  

that they  do n o t  r e q u i r e  a cur ren t  mete r ;  however, t h e  e s t i m a t e  o f  ve loc i ty  i s  

only f o r  the p a t h  the f l o a t  takes ,  n o t  t h e  e n t i r e  channe l .  

M i c r o h a b i t a t  v e l o c i t i e s  can be moni tored w i t h  a c u r r e n t  m e t e r  a t  s p e c i f i c  

areas i n  the stream, depending on the microhabi t a t  o f  i n t e r e s t  ( e .  g . , spawning 

areas or a d u l t  r e s t i n g  areas) .  Bot tom channel  v e l o c i t i e s  are probably o f  

g r e a t e r  s i g n i f i c a n c e  t o  f i sh than average v e l o c i t i e s .  Bot tom channe l  velac- 

i t i e s  are a better  i n d i c a t i o n  o f  t h e  v e l o c i t y  t h e  f i s h  are e x p e r i e n c i n g  and 

are probably more s e n s i t i v e  t o  v e l o c i t y  changes t h a n  are  mean channel 

v e l o c i t i e s .  Spawn! ng v e l o c i t y  c r i t e r i a  f o r  v a r i o u s  species o f  salmonids are 

1 i sted  i n  Sta l  naker  and A r n e t t e  C 1976b). 



Discha rge .  S t ream discharge can be d e t e r m i n e d  a t  a s i n g l e  t r a n s e c t  

a long  t h e  reach because i t does n o t  change s i g n i f i c a n t l y  a long  t h e  l e n g t h  o f  

t he  r e a c h  ( p r o v f d e d  w a t e r  I npu t  i s  c o n s t a n t ) .  The transect where discharge i s  

measured s h o u l d  be where t h e  channel  i s  relatjvely s t r a i g h t  and t h e  channe l  

bot tom i s  as  s t a b l e  and smooth as  poss ib l e .  S e c t i o n s  wi th  backwater areas and 

turbulence should be avoided. 

Basica l ly  , t h e  procedure f o r  c a l c u l a t i n g  d i s c h a r g e  (Q) requires t h e  

measurement o f  v e l o c i t y ,  depth ,  and w i d t h  f o r  a number o f  cells (F ig .  4). The 

t o t a l  d i s c h a r g e  a t  t he  t r a n s e c t  i s  c a l c u l a t e d  by summing va lues  f o r  a1 1 c e l l  s 
as f o l l o w s :  

The number and l o c a t i o n  o f  measurements needed t o  calculate discharge v a r i e s .  

The U .  5. G e o l o g i c a l  Survey ( C o r b e t t  e t  a1 . 1945; U. 5 .  Eeol  o g i c a l  Survey 1977) 

recommends t h a t  velocity be measured at t h e  0 . 6  d e p t h  f o r  s t r e a m  depths between 

0.5 f t  (0.15 m) and 1.5 S t  (0.46 m). Th l  s sampl ing  approach may need t o  be 

mod i f i ed  f o r  o t h e r  stream d e p t h s  and c o n d i t i o n s .  

Stage-dfscharge curves can be developed S f  d i scharge  measurements a r e  

i m p o r t a n t  i n  t h e  m o n i t o r i n g  program. A d i s c u s s i o n  of t h e s e  c u r v e s  i s  i n  U.S. 

Geological Survey (1977) .  Other methods f o r  e s t i m a t i n g  annual  and month ly  

discharge are i n  S t a l  naker and A r n e t t e  ( 1976a). Addit ional  i n f o rma t i on  on the 

principles i n v o l v e d  i n  t h e s e  measurements can be found in Cerbet t  e t  a1 . 
(1945), Leopold e t  a l .  (19641, U . S .  Geolog ica l  Survey  (19771, and standard 
t e x t s  on hydrology. Discharge d a t a  may be obtained f r o m  t h e  U . S .  Geological 

Survey i f  they have a g a g f n g  s t a t l o n  on t h e  stream. 

lThe d i  s c u s s i o n  i n  t h i s  s e c t i o n  re1 i e s  heav i ly  on i n f o r m a t i o n  i n  C o r b e t t  et a1 . 
( 1945) and U. S . Geol og i c a l  Survey ( 1977). 



Substrate and Sedimentation 

Substrate composition can vary in  a s t r e a m  reach, espec ia l ly  between stow 

and f a s t  water areas. Slow velocity areas general 'ly have more s m a l l  p a r t i c l e s  

than do f a s t  water areas .  The l o c a t i o n  of the samples taken depends on t h e  

purpose of t h e  measurement. I f -  a representat i  ve composition measurement i s 

desired, several samples should be taken and div ided proportionately between 

slow and f a s t  water areas.  If excessive  sedimentation o f  spawning s i t e s  i s  o f  

concern, a s  i s  most o f t e n  t he  case,  substrate samples from po ten t i a l  o r  

documented spawning s i t e s  should be c o l l  ec ted .  

Surface v i  sual analysis.  The c o m p o s i t i o n  o f  the channel substrate 
(Table  2) is determined along t h e  t r a n s e c t  l ine  from streamside to streamside. 

A measuring tape i s  s tre tched  between t h e  end points o f  each transect, and 
each 1 f t  (0.3 m) d i v i s i o n  o f  the measuring tape is vertically projected by 

eye to the stream bottom. The predomfnant sediment c l a s s  i s  recorded f o r  each 

I - f t  division o f  the bottom. For example, 1 f t  o f  stream b o t t o m  t h a t  c o n t a i n s  

4 inches o f  small cobble, 5 i nches  o f  coarse gravel, and 2 inches o f  f i n e  sand 

would be classified a s  I f t  o f  coarse gravel (.if a user  e l e c t s  n o t  t o  use t h e  

predominant sediment class  approach, information f o r  a1 1 sediment classes can 

be documented). The i n d i v i d u a l  1-ft c l a s s i f i c a t i o n s  a c r o s s  the transect are 

t o t a l ed  to obtain t h e  amount o f  b o t t o m  in each o f  the size classifications. 

Reference sediment samples for t h e  small er c lasses  can be embedded In  plas t i c  

cubes that can be placed on the bottom during a n a l y s i s .  The classification in 
Tab le  2 presents t h e  accepted terminology and s i z e  classes for  st ream sedi- 

m e n t s .  

A rat ing f o r  embeddedness i s  given i n  Tab le  3 .  The rating i s  a measure- 

ment o f  how much o f  t h e  surface a rea  o f  t h e  larger s i z e d  particles i s  covered 

by f i n e  sediment. 

=This section i s  based on Platts et al. (1983). 
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Tab1 e 3. Embeddedness r a t i n g  f o r  channel m a t e r i  a1 s (gravel , rubble, 
and boulder) (based en Pl a t t s  e t  a1 . 1983). 

R a t i n g  Rat ing  description 

Gravel , rubble,  and boulder  pa r t i c l e s  have 1 e s s  than 5% 
o f  t h e i r  surface covered by f i n e  sed imen t .  

Gravel, rubble, and boulder pa r t i c l e s  have between 5 t o  25% 
o f  t h e i r  su r face  covered by f i n e  sed iment .  

Gravel, rubble,  and boulder  particles have between 25 and 50% 
o f  t h e i r  sur face  covered by f i n e  sediment .  

Gravel, rubble,  and boulder pa r t i c l e s  have between 50 and 75% 
o f  t h e i r e s u r f a c e  covered by f ine  sediment .  

Gravel, rubble,  and boulder pa r t i c les  have over  75% o f  their  
surface covered by f i n e  sediment. 

Subsurface a n a l y s i  s .  Methods o f  sampl i ng and analyzing t h e  pa r t i c l e  

s i z e  dis t r ibu t ion  o f  gravels used by spawning salmonids have evolved slowly 

dur ing  t h e  past  20 years. The f i rs t  quan t l  t a t i ve  samplers t o  receive general 

use were metal tubes, open a t  both  ends, t h a t  were f o r c e d  i n t o  the  subst ra te .  

Sediments encased by t h e  tubes were removed by hand f o r  a n a l y s i s .  A v a r f e t y  

o f  samplers using t h i s  p r i n c i p l e  have been developed, b u t  one described by 

McNeil (1964) and McNeil and Ahnell (1964) has become w i d e l y  accepted f o r  

sampling streambed sediments. 

The McNeil core sampler i s  usually constructed o u t  o f  s t a i n l e s s  s tee l  and 

can be modif ied t o  f i t  most sampling s i tua t ions .  The sampler i s  worked i n t o  

the  channel subst ra te ;  t h e  encased sediment core i s  dug out by hand and 

deposited i n  a b u i l t - i n  b a s i n .  When a l l  sediments have been removed t o  t h e  

l eve l  o f  the l i p  o f  t h e  core tube ,  a cap i s  placed over  t h e  tube t o  p r e v e n t  

"This section i s  based on P l a t t s  e t  a1 . 1983. 
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w a t e r  and t h e  c o l l e c t e d  sed iments  f r o m  escap ing  when the tube i s  l i f t e d  o u t  o f  

t h e  w a t e r .  Suspended sed iments  i n  t he  tube be low t h e  cap a r e  ' los t ,  but t h i s  

l o s s  i s  generally c o n s i d e r e d  a s t a t i s t i c a l l y  i n s i g n i f i c a n t  pe rcen tage  o f  t h e  

t o t a l  sample. 

The sed iments  and w a t e r  c o l l e c t e d  are  s t r a i n e d  t h r o u g h  a s e r i e s  o f  s feves  

t o  determine t h e  p a r t i c l e  s i z e  d i  s t r i  b u t i o n ,  p e r c e n t  f i n e s ,  o r  geometric mean 

diameter o f  t he  sediment s i r e  d i s t r i b u t i o n .  The sediments c o l l e c t e d  can be 

a n a l y z e d  i n  t h e  l a b o r a t o r y  using t h e  ''dry'' method or i n  t h e  f i e l d  u s i n g  t h e  

"wet" method. 

Disadvantages i n  u s i n g  t h e  McNei l  sampler  a r e  t h a t :  (1) partlcle s i z e  

d i a m e t e r  t h a t  can be measured i s  l i m i t e d  t o  t h e  s j z e  o f  t h e  c o r i n g  tube ;  

(2) c o r e  m a t e r i a l s  are  mixed  and ne i n t e r p r e t a t i o n  o f  v e r t l c a l  and h o r i z o n t a l  

d i f f e r e n c e s  i n  p a r t i c l e  s i z e  d i s t r f b u t i o n  can be made; (3)  the l o c a t i o n s  a t  

which sed iments  can be measured i s  l f m i t e d  by where t he  core sampler  can e n t e r  

t h e  channe l  substrate ,  a f a c t o r  c o n t r o l l e d  by the  w a t e r  depth ,  l e n g t h  o f  t he  

c o l l  e c t o r '  r arm, and t h e  depth the core sarnpl er can be pushed into the  channel  ; 

(4) the sample w i l l  be b i a s e d  i f  t h e  core t u b e  pushes larger p a r t f c l e  s i z e s  

o u t  o f  t h e  c o l l e c t i n g  area;  ( 5 )  suspended sed iments  in t h e  core sampler  are 

lost; and (6) t h e  core sampler canno t  be used i f  the  par t ic le  s i z e s  are so b i g  

o r  the channe l  subs t r a t e  so hard t h a t  t h e  c o r e  samp le r  c a n n o t  be pushed i n t o  

t h e  required d e p t h .  

Even though there are l i m i t a t i o n s  t o  t h i s  method, i t  i 5  p r o b a b l y  t h e  m o s t  

economical  method available in terms o f  t i m e  and money t o  o b t a i n  e s t i m a t e s  o f  

channe l  s u b s t r a t e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  i n  channel  depths up t o  12 i n c h e s  

(305 mm). The diameter o f  t h e  McNei l  tube should be a t  l e a s t  12 i n c h e s  

(305 mm). 

More r e c e n t l y ,  s c i e n t i  s t s  have exper f  mented w i t h  c r y o g e n i c  d e v i c e s  t o  

o b t a i n  sedjrnent samples. These dev ices ,  g e n e r a l  l y  referred t o  a s  "f reeze-core" 
samplers,  c o n s i s t  o f  a h o l l o w  probe d r i v e n  i n t o  the streambed and c o o l e d  w i t h  

a c r y o g e n i c  medium. A f t e r  a p r e s c r i b e d  t i m e  o f  c o o l i n g ,  the probe and a 



f rozen core  of surrounding sediment are ext rac ted .  L i q u i d  n i t rogen;  1  iquid 

oxygen; s o l i d i f i e d  carbon d iox ide  ( "d ry  i ce" ) ;  l i q u i d  carbon d iox ide  (COZ); 

and a mix tu re  o f  acetone, dry i ce ,  and a lcohol  have been used exper imenta l ly  

a s  f r e e z i n g  media. Severa l  years  o f  development have produced a sampler 

(Wal ko t ten  1976) t h a t  uses l i q u i d  COT The freeze-core sampler, l i k e  the 

McNei 1 c o r e  sarnpl er,  has become wide ly  accepted f o r  sarnpl i ng stream substrates. 

All of the freeze-core equipment presently a v a i l a b l e  u t i l i z e  the  same 

p r i n c i p l e s ,  although one t o  many prober; may be used. The size o f  sample 

collected i s  directly related t o  t he  number o f  probes and t h e  amount o f  

cryogenic rnedi urn used per probe. W a l  ko t t en  (1976), Everest e t  a1 . (1980), 

Lotspeich and Reid (1980), and P l a t t s  and Penton (1980) discuss t h e  construc- 

t i o n ,  p a r t s ,  and operat ion o f  freeze-core samplers and t h e  ana l ys i s  of samples 

collected by t h e  freeze-core method. P l a t t s  and Penton (1980) and Ring le r  

(1970) be1 i e v e  t h a t  t h e  s ing le  probe freeze-core sampler may be b iased toward 

t h e  se lec t i on  of larger sSzed sediment p a r t i c l e s ,  

The accuracy and p r e c i s i o n  of sample r e s u l t s  with the  freese-core and 

McNeil samplers have been compared f n 1 aboratory experiments. Samples 

c o l l e c t e d  by both devices were representa t i ve  o f  a known sediment mixture, but 

r e s u l t s  w i t h  t he  f reeze-core  sampler were more accurate (Wal kotten 1976). It 

i s  a l s o  more versatile and func t i ons  under a wider  v a r i e t y  o f  weather and 

w a t e r  cond i t i ons .  However, the f reeze-core sampler has several disadvantages. 

I t  i s  d i f f i c u l t  t o  d r i v e  probes i n t o  substrates t h a t  c o n t a i n  many p a r t i c l e s  

o v e r  10 inches (25 cm) i n  diameter ,  and the  freeze-core technique i s  equipment- 

i n t e n s i v e ,  r e q u i r i n g  C02 b o t t l e s ,  hoses, mani fo lds,  probes, and sample 

e x t r a c t o r s .  It i s  a l so  necessary t o  subsample cares by depth for accurate 

i n t e r p r e t a t i o n  o f  g rave l  q u a l i t y  ( E v e r e s t  e t  a1 . 1980). Therefore ,  i t  i s  

o f t e n  necessary t o  co l  l e c t  1 arger cores w i t h  f reeze-core equipment than can be 

easily obta ined  by t h e  s ing le-core technique. 

A major advantage o f  t h e  freeze-core sampler i s  t h a t  it a l l o w s  f o r  v e r t i -  

ca l  s t r a t i f i c a t i o n  o f  subst ra te  cores. Everest  e t  a1 . (1980) have developed a 

subsampler t h a t  c o n s i s t s  o f  a s e r i e s  o f  open-topped boxes made of 26-gage 



galvanjsed shee t  m e t a l .  The core i s  l a i d  h o r i z o n t a l l y  across t h e  boxes o f  t h e  

subsampler  and thawed wi th  a b l o w t o r c h .  Sediments f r e e d  f r o m  t h e  c o r e  drop 

d i r e c t l y  i n t o  t h e  boxes below. 

Sample analysis .  Sediment  samples can be ana lyzed e i t h e r  I n  t h e  f i e l d  o r  

i n  t h e  l a b o r a t o r y .  The " w e t  method" can be done o n s i t e  and i s  t h e  l e a s t  

expens jve ,  b u t  a1 so t h e  l e a s t  accurate ,  method. The " w e t  method" usually uses 

a w a t e r - f l u s h i n g  t e c h n i q u e  w i t h  some hand shak ing  t o  s o r t  sediments t h r o u g h  a 

s e r i e s  o f  s i e v e s .  The t r a p p e d  sed iment  on each s i e v e  i s  a1 lowed t a  d r a i n  and 

t h e n  poured i n t o  a water-fil led graduated con ta iner .  The amount o f  w a t e r  d is-  

placed de te rm ines  t h e  volume o f  t h e  sediment p l u s  t h e  volume o f  any w a t e r  

r e t a i n e d  i n  po re  spaces i n  t h e  sed imen t .  When t h e  wet method i s  used, w a t e r  

r e t a i n e d  i n  t h e  sed iment  must be accounted f o r ,  because w a t e r  r e t e n t i o n  per 

u n i t  volume o f  f i n e  sedlrnents is h i g h e r  than f o r  coarse sediments. A conver-  

s i o n  f a c t o r  based on particle s i z e  and s p e c i f i c  g r a v i t y  can be used t o  c o n v e r t  

wet  volume t o  dry volume. 

For more accurate r e s u l t s ,  sediment samples can be placed i n  con ta i ne rs  

and transported t o  t h e  l abora tory  f o r  a n a l y s i s .  Laboratory a n a l y s l s  a f  dry 

w e i g h t s  i s  the most accurate way t o  measure sed iments  because a l l  o f  t he  w a t e r  

i n  t h e  sample can be evapora ted,  thus e l i m i n a t i n g  t h e  need f o r  t h e  c o n v e r s i o n  

f a c t o r s  a s s o c i a t e d  w i t h  the  wet method. I n  t h e  l a b o r a t o r y  method, t h e  sediment  

sample I s  o v e n - d r i e d  [24 hours a t  221') F (105O C)] or a i r - d r i e d ,  passed through 

a s e r i e s  o f  s ieves ,  and t h e  p o r t i o n  caught by each s i e v e  i s  weighed.  The 

Wentworth s i e v e  s e r i e s  can be adapted f o r  sampling s i z e  classes (Table 2) 

ranging f rom 0.002 I n c h  t o  3.94 i n c h e s  (0.062 t o  100mrn). The upper s i z e  

1 i m i t  approximates t h e  l a r g e s t  s i z e  p a r t i c l e s  i n  which most  sa lmon ids  w i l l  

spawn. Consequently, f e w  g r a i n s  1  arger than 5 inches (128 mm) are p r e s e n t  i n  

preferred spawning areas. The s i r e  c l a s s  [ lo .  1 t o  20.2 inches (256 to 512 mm)] 

i s  d i f f i c u l t  f o r  sa lmon ids  t o  move t o  depos i t  and c o v e r  t h e i r  eggs. 

Qua1 i t y  Cndices. The qua1 i t y  o f  g r a v e l  s f o r  salmonid r e p r o d u c t i o n  has 

t rad- t t ional ly  been e s t i m a t e d  by d e t e r m i n i n g  the percentage o f  f l n e  sed iments  

( l e s s  than some s p e c i f i e d  d iamete r )  i n  samples c o l l e c t e d  f r o m  spawning areas .  



The f i e l d  data can be compared (Hall and Lantz 1969) t o  results o f  several 

laboratory s tud ies  ( f o r  example, P h i l  l i p s  e t  a1 . 1975) t o  e s t i m a t e  s u r v i v a l  t o  

emergence o f  v a r i o u s  s p e c i e s  o f  salmonids. An i n v e r s e  re1 a t i o n s h i  p between 

percent: f i n e s  and s u r v i v a l  o f  sa lmon id  f r y  has been demons t ra ted  by several 

researchers, beg inn ing  w i t h  Har r i son  (1923). Use o f  p e r c e n t  f i n e s  a l o n e  t o  

est imate grave l  qua l  i t y  has a major disadvantage; I t  i g n o r e s  the t e x t u r a l  

composi t ion o f  t h e  remaining p a r t i c l e s ,  whdch can have a m i t i g a t i n g  e f f e c t  on 

s u r v i v a l .  Fo r  example, two samples may each c o n t a i n  20% by weight  o f  f i n e  

sediment less  t h a n  1 mrn i n  d iame te r ,  w h i l e  t h e  average diameter o f  larger 
particles i s  10 m m . i n  one sample and 25 mrn i n  the o the r .  Interst i t ia l  vo ids  

i n  t h e  smaller d iamete r  material wou ld  be more comp le te ly  f i l l e d  by a g iven  

q u a n t i t y  o f  f i n e  sed iment  than  wou ld  vo ids  i n  t h e  l a r g e r  material, and t h e  
subsequent e f f e c t  on s u r v i v ~ l  o f  sa lmon id  f ry  would be very d i f f e r e n t .  

Other g r a v e l  q u a l i t y  i ndexes  have been deve loped  r e c e n t l y  i n  an attempt 

t o  improve on the p e r c e n t  f i n e s  method. P l a t t s  e t  a l .  (1979) used t he  geo- 

m e t r i c  mean d i a m e t e r  (d  ) method f o r  e v a l u a t i n g  s e d i m e n t  e f f e c t s  on salmonid 
9 

i ncubat ion  success. T h i s  method has t h r e e  advantages o v e r  t h e  commonly used 

percent f i n e s  method: ( I )  i t  i s  a conven t iona l  s t a t 1  s t ica l  measure used by 

severa l  d i  scipl  1 nes t o  represent sed iment  compos i t f  en; (2) j t re1 a t e s  qua1 i t y  

t o  t h e  p e r m e a b i l i t y  and porosity o f  channel sediments and t o  embryo s u r v i v a l  

as well o r  b e t t e r  than  does percent f i n e s ;  and ( 33  i t  i s  es t ima ted  from t h e  

to ta l  sediment composition. Despite t h e s e  advantages, d was shown by Beschta  
9 

(1982) t o  be r a t h e r  i n s e n s i t i v e  t o  changes i n  s t r e a m  substrate  composit ion i n  

a Washington watershed. L o t s p e i c h  and Everest (1981) have shown t h a t  the use 

o f  d alone can lead t o  e r roneous  conclusions c o n c e r n i n g  g rave l  q u a l i t y  because 
g 

d alone does n o t  g i v e  a true a n a l y s i s  o f  the pa r t i c l e  s i z e  d i s t r i b u t i o n .  
g 

Because o f  these problems, Beschta (1982) r a i  red ser ious  ques t ions  r e g a r d i n g  

t h e  u t i l i t y  o f  g e o m e t r i c  mean d i a m e t e r  as a qual i ty  index. 

Tappel (1981) developed a m o d i f i c a t i o n  of the d method t h a t  uses a 
g 

l i n e a r  curve t o  d e p i c t  part ic le  s i z e  d i s t r i bu t i on .  The p o i n t s  0.03 i n c h  

(0.8 mm] and 0.37 inch  (9.5 mm) are used t o  determine the l i n e .  According t o  
Tappel , t h e  slope o f  t h i s  1 i ne g i v e s  a truer r ep resen ta t i on  o f  f i n e  sediment  



c lasses  detrimental to  incubat ion.  A major drawback o f  t h i s  procedure, as 
w i t h  percent f ines ,  t s  t h a t  it jgnores the characteristics o f  t h e  larger 
p a r t i c l e s  i n  t he  sample. 

A recent spawning substrate qua1 i t y  index t h a t  appears t o  overcome the 

1 imi ta t ions  o f  percent f i n e s  measurements and geornetr jc  means has  been reported 
by Lotspeich and Everest (1981). Their procedure uses measures of t he  central 

tendency o f  t h e  distribution (refer t o  Chapter IV) o f  sediment particle sf zes  

i n  a sample and t h e  dispersion of particles in relat ion t o  the central  v a l u e  

t o  characterize t h e  sui tab1 7 i t y  of gravel s for salrnonid incubation and 

emergence. These t w o  parameters are combined t o  d e r i v e  a q u a l i t y  index c a l l e d  

t h e  "fredle i n d e x " ,  which i n d i c a t e s  both  sediment permeabil i ty and pore s ize .  

The measure of  central tendency used i s  the  geometric mean (d ) .  Pore s i z e  i s  
9 

direc t ly  proportional t o  mean g r a i n  s i z e ,  r e g u l a t e s  i ntragravel water ve loc i ty  

and oxygen transport t o  incubating salrnonid embryos, and controls  intragravel 
movement o f  alevins.  There two substrate parameters are t h e  primary determi- 

nants  o f  salmonid embryo surviva'l t o  emergence (Platts  e t  a1 . 1983). 

Bank and Channel Stabi 1 i t v  

Well vegetated banks are  usually s t a b l e ,  even i f  there i s  bank under- 
c u t t i n g ,  w h i c h  provides excellent cover f o r  f i s h .  Valuable f i s h  caver i s  

ultimately l o s t  when bank vegetat ion decreases, banks erode too much, or banks 

undercut too quickly and slough o f f  o n t o  t h e  stream bottom. 

Streambank s o i  1 a1 teration. ' C e r t a i n  1 and uses, especial  Iy 11 vestock 

grazing, can reduce t h e  stab11 i t y  of a streambank, resul t l n g  i n  the rnodiflca- 

t i o n  o f  the stream. The streambank alteration r a t i n g  may well provide an 

early warning o f  changes t h a t  w i l l  eventua l ly  a f f e c t  f i s h  populations i n  the 

stream. 

' Th is  sec t i on  1s f r o m  PI atts e t  a1 . (1983). 



The streambank alteration r a t i n g  reflects the changes t a k i n g  place in  t h e  

bank from any force (Table 4). The r a t i ng  i s  separa ted  i n t o  f i v e  c l a s s e s .  

Each c l a s s ,  except t he  one where no streambank a l t e r a t i o n  has occurred, has an 
evaluation spread o f  25 percentage points. Once t h e  class  i s  determined, the 

observer must decide t h e  a c t u a l  percent o f  instability within t h a t  25 point 
spread. Streambanks are evaluated on t h e  b a s i s  o f  how far they have moved 

away from op t imum cond i t ions  f o r  t h e  respective stream h a b i t a t  t y p e  being 

measured. Therefore,  t h e  observer must  be able to visualize t h e  streambank as  

i t  would appear under optimum condi t i e n s .  This v i  sual ization requirement 

makes unifermjty in  rating alterations difficult. Any natural or artificial 

d e v i a t i o n  from t h i s  optimum condition i s  included in  t h e  evaluation. Natural 

a l t e r a t i o n  i s  any change i n  t h e  bank resu l t !ng  f rom n a t u r a l  events. Artificial 

a1 t e r a t i o n  i s  any change not related to natural events ,  such as tramp1 i n g  by 

humans or ljvestock, d is turbance  by bulldozers, o r  vegetation removal. Natural 

and arti f i c i  a1 a1 t e r a t i o n s  are reported i ndividuaf ly, b u t  t oge the r  cannot 

exceed 100%. It i s  often d i f f i c u l t  to distinguish a r t i f j c i a l  from natura l  

alterations; i f  t h e r e  i s  any doubt,  t h e  a l t e r a t i o n  i s  c lass i f i ed  a s  n a t u r a l .  

It is possible to have a r t i f i c i a l  alterations mask ing already e x t s t i n g  natural 

a1 terations and v i c e  versa. Only the major type of alteration on a u n i t  area 

i s  entered i n t o  t h e  r a t i n g  system i n  t h i s  case. 

Streambank v e g e t a t i v e  s t a b i  1 i ty . The abi 1 i ty o f  vegetation and other 

materials on t h e  streambank to resist erosion from f l o w i n g  water i s  a l s o  rated 

(Table 5). The rating relater primarily to the  stabi 1 ity t h a t  results f r o m  

vegetative cover, except i n  those cases where bedrock, boulder, or rubble 

s t a b i l i z e s  t h e  strearnbanks. The rating takes all protective c o v e r i n g s  into 

account. The rated portion o f  the bank or flood p l a i n  includes only that area 

intercepted by the transect line f rom t h e  water surface shoreline to 5 f t  back 

f rom the shore? i n e  or t o  the top o f  t h e  bank, whichever i s  greatest. P r e c i s i o n  

and accuracy f o r  t h i s  r a t i n g  system are o n l y  f a i r  so care has to be taken when 

rat i ngs are performed. 



Table  4 .  Streambank s o i l  a1 teratren r a t i n g  based on 
Platts e t  a?. (1983). 

Rat ing  D e s c r i p t i o n  

Streambanks are  stable and are not being a l t e r e d  by w a t e r  
f l o w s  or animals .  

1 t o  25 Streambanks are  stab1 e ,  but are  1 i g h t l y  a1 tered (less t h a n  
25%) a l o n g  the t r a n s e c t  l i n e .  Less than 25% o f  t h e  strearn- 
bank is f a1  se, broken down, o r  eroding.  

26 to 50 Streambanks moderately altered along the t r a n s e c t  line. A t  
least 50% o f  the streambank is i n  a natural, stable c o n d i t i o n .  
Less than 50% o f  t h e  streambank i s  f a l s e ,  braken down, o r  

eroding. Fa lse  banksa are  rated a s  altered. Alteration i s  
rated as natural, a r t i f i c i a l ,  or a combination o f  the t w o .  

Streambanks have major alteration along t h e  t r a n s e c t  l i n e .  
Less t h a n  50% of the  streambank i s  i n  a stable cond i t i on .  
O v e r  50% o f  t h e  streambank i s  f a l s e ,  broken down, o r  eroding.  
A f a l s e  bank wi th  some stability and cover i s  stjll rated as 
altered.  Alteration i s  ra ted  as natural ,  a r t j f i c l a l ,  o r  a 
combinat ion o f  the two.  

Streambanks along the transect l i n e  are severely altered. 
Less than 25% of the streambank i s  i n  a s tab l e  condition. 
Over 75% o f  t he  streambank i s  false, broken down, or e r o d i n g .  
A bank damaged i n  t h e  past  t h a t  has gained some s t a b i l i t y  
and cover and 5 s  now c l a s s i f i e d  as  a f a l s e  bank i s  still 
rated as altered. Alteration i s  rated as  n a t u r a l ,  a r t i f i -  
c i  a1 , o r  a combination o f  the t w o .  

a ~ a l  se stream banks are banks t h a t  have been eroded away and have receded back 
from the edge of the water .  They can become stabilized by v e g e t a t i o n ,  but t h e  
edges do n o t  hang o v e r  t h e  water t o  provide cover f o r  f i s h .  



Tab1 e 5 .  Streambank vegeta t ive  s t a b i  1 i t y  r a t i n g  based on 
P l  atts e t  a1 . 1983). 

Ra t ing  Description 

4 (Excel  1 en t )  Over 80% o f  the streambank surfaces a r e  covered by vegeta- 
t i o n  i n  v i g o r o u s  cond i t ion .  I f  t h e  streambanu i s  no t  
covered by v e g e t a t i o n ,  i t  i s  pro t ec t ed  by materials t h a t  
do n o t  allow bank erosion, such a s  boulders and rubble. 

3 (Good) F i f t y  to seventy-ni  ne percent o f  t h e  streambank surfaces 
are covered by vege ta t i on .  Areas n o t  covered by v e g e t a t i o n  
are protected by materials t h a t  allow on ly  m i  nor erosion, 
such as  gravel o r  larger material, 

2 (Faa'r) Twenty-five t o  f o r t y - n i n e  p e r c e n t  o f  t h e  streambank surfaces 
are covered by vegetation. Areas n o t  covered by vege ta t i on  
are  covered by m a t e r i a l s  t h a t  g i v e  1 i m f  ted p r o t e c t i o n ,  
i n c l u d i n g  g r a v e l  o r  l a r g e r  material. 

1 (Poor) Less than 25% of t h e  streambank surfaces are covered by 
v e g e t a t i o n  or by gravel or larger materSal. Areas not  
covered by vegeta t ion  have l i t t l e  or no protection f rom 
eros ion ,  and t h e  banks are usually eroded some each year 
by high water flows. 

Cover 

Cover i s  variously def ined and not eas i ly  q u a n t i f i e d .  No completely 
acceptable method t o  r a t e  cover was Ident i f i ed .  Arnette (4976:lO) d e f i n e s  

i nstream cover  as  I' . . . areas o f  shel ter in a stream channel t h a t  provide 
a q u a t i c  organisms p r o t e c t i o n  from p r e d a t o r s  and/or a place i n  which t o  rest 
and conserve energy due to a r e d u c t i o n  in the force o f  t h e  current" and 

r i p a r i a n  cover as (page 10) " . . . areas assoc ia ted  w i t h  o r  adjacent  to a stream 
or cover t h a t  provide r e s t i n g ,  shel t e r  and p r o t e c t i o n  from predators. " Cover 

can be furnished by water  depth, surface turbulence, undercut banks, large 

rocks and other  submerged obst ruc t fons ,  instream vegetat ion,  overhanging 

v e g e t a t i o n ,  p l a n t  r o o t s ,  and debri  s ( B i  nns 1979). 



Wesche (1973, 1974) developed a t r o u t  cover r a t i n g  system t h a t  can be 

used to compare cover r a t i n g s  o f  the same stream s e c t i o n  a t  different l e v e l s  
o f  Slow o r  d i f f e r e n t  stream sec t ions  a t  t h e  same l eve l  o f  f l o w .  The equa t ion  

used i s :  

where CR = cover r a t i n g  o f  st ream sect ion f o r  t r o u t  

L obc = length ( f t  or rn) o f  overhead bank cover  i n  the stream section 
h a v i n g  a w a t e r  depth of at least 0.5 f e e t  (0.1524 rn) and a 
w id th  o f  a t  least  0.3 f e e t  (0.0914 rn) 

T = l e n g t h  ( f t  or m) o f  thalweg5 line through the stream sect ion 

A = sur face  area ( f t 2  or  m Z )  of the  stream section hav ing  a water 
depth o f  a t  1 east  0.5 f e e t  (0.1524 rn) and a substrate s i z e  o f  
a t  least 3 inches (7.6 cm) i n  diameter 

SA = t o t a l  surface area ( f t2 o r  mZ] o f  the stream section a t  the  
average d a i l y  f l o w  (equals  0.75 for  trout a t  least  6 inches in 
length; 0.5 f o r  t r o u t  less than 6 inches i n  length) 

PF obc = preference f a c t o r  o f  trout f o r  overhead bank cover  

PF a = preference factor of t r o u t  for instream rubble-boulder areas  
(0 -25 f o r  ca tachab l  e t r o u t  and 0.5 for subcatchabl es)  

When d i f f e r e n t  stream reaches are be lng  sampled and compared and the  
average da i ly  f l o w  cannot be determined, measurements should  be taken when 

both stream s e c t i o n s  are a t  the same percentage o f  t h e  average daily flow. 

Measurements should be taken a t  t h e  highest  f l o w  f o r  which a cover r a t i n g  is 

being made when t h e  same stream sect ion is being compared a t  di f f erent  flow 

levels (Wesche 1974) .  T h i s  method does quanti fy  cover t o  some degree. How- 

e v e r ,  Stalnaker and Arnette (1976b) p o i n t  o u t  t h a t  t h i s  technique appears to 

be v a l  I d  for cover -o r ien ted  salrnonlds . 

SThe down-channel course o f  greatest cross sec t i ona l  depths (EZ serman et  a ? .  
1975). 



To eva luate  ins t ream cover,  E i  serman e t  a1 . ( 1 9 7 5 )  recommend count ing t he  

number o f  submerged rocks  t h a t  a re  a t  l e a s t  2 f e e t  (0 .61 m )  i n  diameter and 

pro jec t  a t  least 1 f o o t  (0.3 m) above t h e  st ream bed. Patches o f  aqua t i c  

vege ta t i on  o r  other cover  materlal t h a t  are a t  l e a s t  2 f e e t  i n  diameter and 

t h a t  p r a v i d e  c o v e r  are a1 so included i n  t h e  e v a l u a t i o n  . 

The rating system for streambank c o v e r  described i n  P l a t t s  e t  a1 . 
(1983: 24) '\ .. . considers a1 1 material (o rgan ic  and i n o r g a n i c )  on o r  above t h e  

streambank t h a t  o f f e r s  streambank protect1 on f rom e r o s i o n  and s t ream shad; ng 

and provides escape cover o r  n e s t i n g  secur i ty  f o r  f i sh "  (Table 6 ) .  The a rea  
o f  streambank t o  be r a t e d  i s  def ined by a t ransect  1 i n e  cover ing the exposed 

s t ream bottom, bank, and t o p  o f  bank. 

Table  6. Streamside cover r a t i n g  system (based on Platts e t  a1 . 1983). 

Rat ing Description 

The dominant v e g e t a t i o n  i n f l u e n c i n g  t h e  streamside 
and/or water environment c o n s i s t s  o f  shrubs. 

3 The dominant v e g e t a t f o n  c o n s f s t s  o f  trees. 

2 The dominant  v e g e t a t i o n  c o n s i s t s  o f  g rass  and/or forbs. 

Over 50% o f  t h e  strearnbank transect 1 i ne i n t e r c e p t s  have 
no v e g e t a t i o n ,  and t h e  dominant material i s s o i  1 , rock,  
b r f  dge m a t e r i  a1 5 ,  road materi  a1 s, c u l v e r t s ,  and mine 
t a i l  j n g s .  

Instream v e g e t a t i v e  cover i s  measured a l o n g  each I-ft  (0.3 rn) d i v i s i o n  o f  

t he  measurjng tape  across  the  t r a n s e c t  (Platts et a l .  1983) .  I f  more than 50% 

of the I - f t  d is tance  c o n t a i n s  cover ,  t h e  entire 1-ft d i v i s i o n  i s  c l a s s i f i e d  by 



the type o f  cover  p resent ;  i f  l e s s  t h a n  50% a f  the I-ft  distance contains 

cover, t h e  d i v i s i o n  1 s not inc luded i n  t h e  measurement. Cover inc ludes several 

forms ( e  .g . , a1 g a l  mats, mosses, rooted aquatic p l a n t s ,  organ ic  debr i  s ,  downed 

t i m b e r ,  and brush capable o f  p r o v i d i n g  p r o t e c t i o n  f o r  young-of-the-year f i s h )  ; 

however, It excludes t h i n  f i l m s  o f  algae on t h e  channel substrate. 

P o o l s  and R i f f l e s  

Pools and r i f f l e s  a re  commonly evaluated by determining the percentage o f  

t h e  stream conslrting o f  each category and expressing these percentages as a 

ra t io .  The resulting r a t i o  i s  compared t o  the assumed optimum r a t i o  o f  1: 1 
(based on surface area).  Pools a r e  portions of the stream t h a t  are deeper and 

of  lower velocity than t h e  main  c u r r e n t  ( A r n e t t e  1976). R i f f l e s  a r e  f a s t e r ,  

s h a l l  ower areas  w i t h  the  water surface broken i n t o  waves by who1 ly o r  partly 

submerged obstruct ions.  G l i d e s  and runs, s e c t i o n s  where t h e  water sur face  i s  

n o t  broken but i s  s h a l l o w  and has a f a s t  v e l o c i t y  (Duff and Cooper 19761, a1 so 

may be present  in a stream. 

Pool qua1 i t y 6  (Table 7) is an es t imate  o f  t h e  abi 1 i ty o f  a pool to promote 

f i s h  s u r v i v a l  and meet f i s h  growth requirements.  P l a t t s  (1974) found i t  i s  a 

s i g n i f i c a n t  r e l a t i o n s h i p  between h i g h  q u a l i t y  p o o l s  and h i g h  f i s h  s t a n d l n g  

crops. Small , shal low pool s,  needed by young-of-the-year f i  sh f o r  survival , 
rate l o w  -in quality, even t hough  they are e s s e n t i a l  to f i s h  survival. The 

rating system i n  Table 7 was based mainly on t h e  h a b i t a t  needs of  f i s h  o f  

catchable s ize .  I n  actuality, a combinat ion o f  pool  classes are required to 

maf n t a i n  a productive f ishery.  

The pool  quality rating (Table 73 combines d i r e c t  measurements o f  t h e  

greatest pool diameter and depth  with  a cover a n a l y s i s .  Pool cover i s  any 

material or c o n d i t i o n  t h a t  provides protection t o  f i s h ,  such as  logs, o t h e r  

organic  debris,  averhanglng vegeta t ion  within 1 f t  ( 0 . 3  m) o f  t h e  water  

surface,  rubble, bouf ders, undercut banks, o r  water depth. 

' Th is  s e c t i o n  on pool quality i s  based on Platts e t  a l .  (1983). 



Table  7 .  Rat ing o f  pool qual i ty  i n  streams between 20 and 60 f e e t  
wide ( P l a t t s  et a1 . 1983) .a 

D e s c r i p t i o n  Pool  r a t i n g  

If t he  maximum p o o l  diameter i s  w i t h i n  
10% o f  the average stream wid th  o f  

........................... the  study s i t e  Go to T A ,  20 

If t h e  maximum pool diameter exceeds 
t he  average stream width o f  the 
study s i t e  by at l eas t  10% ............... Go t o  3A, 3B 

I f  t h e  maximum pool diameter i s  l e s s  
than the  average stream wqdth o f  the 
study s i t e  by 10% o r  more . . . . . . . . . . . . . . . .  Go t o  4A, 48, 4C 

I f  t he  poo l  i s  l e s s  t h a n  2 f t  i n  depth ... Go to 56, 5B 

I f  t h e  p o o l  i s  more t h a n  2 f t  i n  depth . . .  Go t o  3A,  3B 

I f  the p o o l  i s  o v e r  3 f t  i n  depth or the pool  i s  over 
b ................. 2 ft in  depth and has abundant  f i s h  cover Rate 5 

I f  the p o o l  i s  l e s s  t h a n  2 f t  i n  depth o r  i f  t h e  pool 
f s  between 2 and 3 f t  deep and lacks f i s h  cover ............ Rate 4 

If  t h e  pool - is over 2 f t  deep w i t h  i n t e r m e d i a t e C  o r  
b e t t e r  cover .....................,..................... Rate 3 

I f  the  p o o l  i s  less t h a n  2 f t  i n  depth but pool 
................... cover f o r  f i s h  i s  intermediate or better Rate 2 

If t h e  p o o l  S s  l e s s  t h a n  2 f t  i n  depth and pool 
d ............................ cover i s  c l a s s i f i e d  as exposed Rate 1 

If the pool has intermediate t o  abundant cover ............. Rate 3 

If the pool has exposed cover conditions ................... Rate 2 

a For streams less t h a n  20 f t  wide ,  deduct 1 ft from all entries with f o o t  
v a l u e s  and add 1 f t  to t he  va lues  f o r  streams wider  t h a n  60 f t .  

b ~ f  cover i s  abundant ,  t h e  pool has exce l  l e n t  i ns t rea rn  cover  and most a f  t h e  
perimeter of t h e  pool has a f i s h  cover. 
c If cover is intermediate,  t h e  pool has moderate i n s t r e a r n  cover and one-half 
o f  the  pool perimeter has f i s h  cover .  

d ~ f  cover i s  exposed, the pool has poor instream cover and l e s s  than 
one- four th o f  the pool perimeter has any f i s h  cover. 



A s  t h e  t r ansec t  l i n e  crosses t h e  w a t e r  column surface, i t  can i n t e r c e p t  

any combination o f  pools  and r i f f l e s .  If more than one pool i s  intercepted by 

t h e  transect l i n e ,  then t h e  width o f  each pool  i s  m u l t S p 1 i e d  by i t s  qua l i ty  

r a t i n g  and t h e  produc ts  f o r  a l l  pools  in te rcepted  are  summed. This  t o t a l ,  

d i v i d e d  by the t o t a l  pool wid th ,  i s  the  weighted average poo l  r a t i n g .  

As an a l t e r n a t i v e ,  reaches can be div ided  i n t o  three  categor ies:  pools;  

r i f f l e s ;  and g l i d e s  o r  runs. The r a t i o  among these t h r e e  ca tegor ies  i s  deter- 

mined. E i  serman e t  a1 . (1975) consider  an opt imum cond i t i on  to be 35% pool s ,  

35% r i f f l e ,  and 30% g l i d e s .  T h i s  method has t h e  advantage of c l a s s i f y i n g  

gl ides,  as we1 1 as  pool s and r i f f  1 e s .  

The ' l oca t ion  and s i z e  of p o o l s  and r i f f l e s  can change w i t h  changes i n  

discharge. Therefore, determi nat ions  o f  poal-ri  f f  1 e re1 a t i o n s h i  p s  need t o  be 

made dur ing  t h e  same discharge so they can be directly compared. 

Temperature 

The type o f  instrument s e l e c t e d  t o  measure w a t e r  temperature depends on 

the kind and frequency o f  da ta  needed. A hand-held mercury thermometer used 

dur ing rout ine  sampling tr ips  i s  adequate i f  only genera l  temperature da ta  i s  

needed. However, 5 f  more de ta i l ed  o r  exact  f n f o r m a t i o n  i s  needed, a t  least a 

maximum-mfnimum thermometer should be used and, i d e a l l y ,  a recordfng thermo- 

mete r  (therrnograph) . 

A maximum-minimum thermometer I s  a U-shaped l i q u i d - i n - g l a s s  thermometer 

t h a t  records t h e  maximum and minimum temperatures dur ing  t h e  period t h a t  it i s  

i n  water (Stevens e t  a 3 .  1975). Nef ther t h e  time o f  occurrence nor t h e  duration 

o f  the maximum o r  min imum temperature are  recorded.  The thermometer needs t o  

be q u j c k l y  replaced i n  t h e  water when reset t o  avo id  a f f e c t i n g  t h e  temperatures 

recorded by e x p o s i n g  the  thermometer to a i r .  



Recording thermometers provide a continuous pen t race  o f  temperature data 

on a strip or circular c h a r t  ( S t e v e n s  e t  a 7 .  1975). These thermometers are 

useful i f  information about temperature fluctuations is important to t h e  study 

or i f  sampling trips are fairly i n f r e q u e n t  because o f  the inaccessibility o f  

the sample site o r  for o t h e r  reasons. 

Thermometers should be calibrated before their first use and per iodica l ly  

during the field season. Two water baths,  5' C and 20' C, are used t o  c a l i -  

brate the thermometer; accuracy s h o u l d  be wf  t h i n  0.5 C at both temperatures 
(Stevens et a1 . 1975). Maximum-minimum thermometers should be put i n  a pipe 

for protection, and the encased thermometer placed where water i s  f l o w i n g  b u t  

where the thermometer is somewhat protected. The thermometer should be placed 

where i t  will n o t  be exposed to the air during low f l o w  periods or exposed t o  

h igh flows t h a t  could damage it. 

Temperatures should be taken i n  t h e  shade in the m a i n  f l o w  o f  t h e  stream 

because these conditions are usually representative of the entire water m a s s .  

To prevent wetbulb cooling, read the temperature w i t h o u t  removing the thermom- 

eter from the water or while the thermometer i s  submerged i n  a container 

filled with w a t e r .  If a recording thermometer is used, the water temperature 

should be checked near t h e  sensor with a calibrated thermometer. Stevens et 

a1 . (1975) explain how to correct any i ns t rument  error. Mean temperatures can 

be calculated several ways i f  the temperature does n o t  vary across the stream 

channel ( e .  g. , arithmetic mean, area-weighted average, or d i  scharge-weighted 

average) .  Temperatures a r e  usual ly most cri  ti ca I during 1 ow f 1 ow peri ods , and 

temperature measurements should be concentrated at these times. 

KEY FISH VARIABLES 

A v a r i e t y  o f  techniques are available to sample f i s h  populations in  

streams and to analyze t he  resulting d a t a .  Each technique has  dffferent  

assumptions, advantages, and disadvantages. It is important to understand the 



c h a r a c t e r i s t i c s  a f  t h e  technique used so t h a t  v a l i d  conclusions can be drawn 

from the data. The most commonly used sampling technl'que is electrofishlng, 

primarily because it does not result i n  fish mortality i f  done properly and St 
can be very effective i n  small streams. 

Fish di stri bution i s  usual ly "clumped" i n  response to t h e  nonrandom 

di  stri b u t i  on o f  many h a b i t a t  variables (Hendricks et a1 . 19801, and a1 1 samp- 

l i n g  gear i s  selectfve t o  some degree (Weber 1973; Lagler 1978; Gulland 1980; 

Henderson 1980). Selectivity causes the probability o f  capture to vary i n  

r e l a t i o n  to some characteristic o f  t h e  fish (Backiel 19801, such a s  species, 
sex ,  s i z e ,  or life s tage .  Therefore, t he  sample o b t a i n e d  usually is not 

totally representative o f  the popu la t ion .  Selectivj ty results from e x t r i  n i  s i c  

f a c t o r s  ( e - g . ,  construction o f  t h e  gear), intrinlsic f a c t o r s  ( e . g . ,  behav io ra l  

di f ferences  among or within species),  or the interaction o f  both types of 

f a c t o r s  (Lagler 1978). B i a s  may also be introduced by t h e  sampling des ign ,  

particularly sampling time and place (Gu7 1 and 1980). Practical considerations 

o f t e n  make it e a s i e r  to sample at c e r t a i n  places or t imes  o f  the year ( e - g . ,  

shaf low water areas or during l ow  flow). Gulland (1980) advises t h a t  t he  

amount of b i a s  In t roduced by sample design a n d  equlpment be examined, if 

possible, by taking at least a few samples at less convenient  t imes and places. 

This  bias  can be more ser iaus than a large var iance  because a large var iance  

soon becomes apparent  i n  t h e  d a t a  f rom d i f f e r e n t  samples. . Samples with a 

large bias, however, may g i v e  c o n s i s t e n t  results  t h a t  are incorrect. 

Procedures to reduce sampling b i a s  through sampling design are discussed i n  

Chapter IV. 

Electrofi shlng. ' E l e c t r o f i  sbing 3 5 an efficient capture method t h a t  can 

be used to obtain re1 i ab le  information on f i s h  populat ion abundance, length- 

weight relationships, and age and growth for most streams of order 6 or less. 

El ectrofi shing devices tend to have h igher  capture probabilities f o r  1 arger 

f i s h  than f o r  smaller f f s h ,  a1 though t h e  newer electrical transformers have 

7The f i r s t  two paragraphs o f  this section are based on P l a t t s  et a1 . (1983). 



ad jus tab le  vo l t age ,  pulse, and frequency, which can be used t o  reduce s ize  

s e l e c t i v i t y .  El  ectrof i shfng e f f i c i e n c y  i s a? so a f f ec ted  by stream conduct i  v- 

ity, temperature, depth, and water  c l a r i t y .  The e f f e c t s  o f  each cond i t i on  

need t o  be considered t o  ob ta in  a re1 i a b l e  popu la t i on  est imate.  E l  e c t r o f  i shing 

can be more e f f i c i e n t  t h a n  other methods to evaluate populat ions,  such as 

se in ing  and underwater observat ion, w h i c h  can be biased by boulder-rubble  

substrate,  t u r b i d i t y  , aquat ic  vegetat ion,  and undercut banks. 

Dur ing e l e c t r o f i s h i n g ,  f i s h  tend t o  s w i m  o r  d r i f t  downstream, and a 

downstream b lock ing  n e t  needs t o  be i n  p lace .  Sometimes t h e  upstream end o f  

t h e  sample area can be located a t  a f i s h  passage r e s t r i c t i o n  area.  I f  a 

r e s t r i c t i o n  area i s  not  a v a i l a b l e ,  a blocking net  i s  a lso  needed a t  the  up- 

stream area. P l a t t s  e t  a1 . (1983) found t h a t  s a l  monids 1  ess than 6 inches 

(152.4 mm) i n  l eng th  selddm t r i e d  t o  l eave  t he  e l e c t r o f i s h e d  area, w h i l e  l a rge  

salmonids attempted t o  escape. A 1  so, a constant  capture probabi  1 i t y  i s  d i f f i -  

c u l t  t o  o b t a i n  when sampl ing scu lp in  populat ions because o f  t h e i r  tendency t o  

remain in the substrate. 

Electrafi shing i s p o t e n t i  a1 l y  dangerous t o  operators; t h e r e f o r e ,  precau- 

t i o n s  should be taken. Persons invo lved  i n  e l e c t r o f i s h i ~ l g  should have water-  

p roo f  h i p  b o o t s  or  waders and rubber gloves. Hand-held electrodes should be 

equipped w i t h  a "dead-man" automatic shut-off  s w i t c h .  Operators should wear 

p r o t e c t i v e  g l o v e s  i f  they w i  11 be placing the i r  hands  I n  the water. Electrodes 

should be t u r n e d  o f f  immediately i f  anyone f a 1  1 r i n  t h e  w a t e r .  

El e c t r o f i  sh ing has t h e  f o l  lowing advantages over o the r  f i  sh ramp1 i ng 

techniques: 

1. Preliminary prepara t ion  o f  t h e  s i t e ,  w i t h  consequent delay and 

d is turbance o f  the  f i s h ,  i s  no t  needed (Hartley 1980). 

2.  Sampling can be performed w i t h  a lfrnited number o f  people w i t h i n  a 

shor t  p e r i o d  o f  t lme (Hart1 ey 1980). 



3. It i s  more e f f f c i e n t  than m o s t  other techn iques ( e . g . ,  s e i n i n g )  when 

sampl ing  over irregular s u b s t r a t e s  and i n  areas  w i t h  a s t r o n g  current 

(Dauble and Gray 1980). 

4 .  The f i s h  are n o t  k i l l e d  o r  damaged when electrofishing i s  done 

correct ly .  

O t h e r  f i s h  sampl ing t e c h n i q u e s .  Al though electrofishing i s  probably t h e  

most commonly used method o f  sarnpl i n g  f i s h  i n  small streams, other rnethads a r e  

a v a i  1  able t h a t  are appl i c a b l  e under c e r t a i n  c f  scurnstances. These methods 

include chemical i ch thyoc ides ,  t r a p s ,  se ines,  9117 nets, explosives, and 

d i r e c t  o b s e r v a t i o n  (see P l a t t s  e t  a ? .  19831, 

Chemical ichthyocides include po isons ,  such as rotenone, an t imyc in ,  copper 

s u l f a t e ,  cresol, and sodium c y a n i d e  (Weber 1973). The ideal ichythocide -Is: 

(1) nonse lec t i ve ;  (2) easily, rapidly, and s a f e l y  used; (3) readily d e t o x i f i e d ;  

and ( 4 )  n o t  detected and avoided by f i s h  (Hendricks et a1 . 1980). Prior to 

use o f  an Schthyoc ide ,  care must be taken  t o  ensure t ha t  it will be used 

correctly, and approval far use should be o b t a i n e d  f r o m  p r o p e r  au thcr i  t i e s .  

The m o s t  commonly used poi son i s  rotenone, obtained from the derrjs root. 

It i s  e f f e c t i v e  i n  a s h o r t  t i m e  period, has l o w  toxicity to b i r d s  and mammals 

(Hendricks et a l .  1980), and i s  quickly dispersed i n  streams (Weber 1973). 

Some f i s h  may become trapped under rocks o r  other obstac les ,  sa t he  e n t j r e  

treated reach should be carefully examined f o r  any dead f i s h .  D e t o x i f i c a t j o n  

o f  rotenone can be achieved w i t h  potassi urn perrnanganate (Lawrence 1956). 

S e n s i t i v i t y  to rotenone v a r i e s  appreciably among species and among 1 i f e  stages 

w i t h i n  a spec ies  (Helden 1980). The toxicity i s  a f f e c t e d  by temperature, pH, 

oxygen concentration, and light (Weber 1973; Hendrlcks et al. 1980; Holden 

1980). Weber (1973) suggests t h a t  a concent ra t ion  o f  0.5 mg/l be appl i e d  i n  

a c i d i c  o r  slightly alkaline waters .  A concentration o f  0.7 mg/J i s  recommended 

if bull'heads and carp are present. Tracor J i t c o ,  Inc. (1978) recommends a 

concentration of  0.1 mg/l f o r  s e n s i t i v e  species .  I m p r o p e r  app7 i c a t i o n  o f  

rotenone can have d i  sastrous e f f e c t s  downstream (Hendricks et a1 . 1980). 



Pass ive  t r a p s ,  made o f  wood, m e t a l ,  n e t t i n g ,  o r  p l a s t i c ,  are  s t a t i c  and 

rely on t h e  movement o f  f i s h  ( C r a i g  198Q). Traps a r e  h i g h l y  s e l e c t i v e  f o r  

specles and s i z e  o f  f i s h .  S w i f t  currents and debris may cornpl i c a t e  use o f  

t r a p s  (Hendricks e t  a1 . 1980). Traps have the advantage o f  col t e c t i n g  f i s h  

a l i v e ,  a1 though same p reda t i on  may occur i n  t h e  t r a p .  

Species Identification 

Lowe-McConnel 1 (1978) suggests t h e  foI  l owi ng procedure for f i s h  

i d e n t i f i c a t i o n :  

1. Assemble t h e  b e s t  a v a i l a b l e  keys, c h e c k l i s t s ,  and d e s c r i p t i o n s  o f  

t h e  f.l shes o f  t h e  r e g i o n .  

2. K e y t h e f i s h t e i t s p r o p e r s p e c i e s i d e n t i f i c a t i o n .  

3. V e r i f y  i d e n t i f i c a t i o n  by comparing f i s h  with: 

a .  pictures; 

6 .  d e t a i l e d  published descriptions; 

c .  known geograph ic  range o f  t h e  species;  and 

d.  i d e n t i f i e d  rnateri a? s i n  museum c o l l  e c t i  ons o r  specimens i d e n t i -  

f i e d  by a specialist. 

4 .  C o n f i r m  i d e n t i f i c a t i o n s  w i t h  a s p e c i a l i s t .  

It may not be necessary to go through t h i s  entire procedure f o r  species  

t h a t  are readily i d e n t i f i e d ;  however, i d e n t i f i c a t i o n  o f  d i f f i c u l t  species 

should be confirmed by a s p e c i a l i s t .  C o r r e c t  i d e n t i f i c a t i o n  o f  species i s  

especially i m p o r t a n t  i f  several species are present and one o b j e c t i v e  o f  t h e  

study is to monitor changes i n  species composi t i e n .  



Prese rva t i on  of Samples 

F i s h  specimens may be preserved during t h e  monitoring study f o r  species 

i d e n t i f i c a t i o n ;  t axonomic  studies; or studies of p a r a s i t e s ,  df sease ,  or food 

hab i ts .  F ish  should be preserved i n  10% formalin. Specfmens larger than 

7.5 crn t ha t  w i  11 be used f o r  taxonomic or food h a b i t  s t u d i e s  should be s l i t  

a long t h e  r i g h t  s i d e  (the left side I s  usually used f a r  measurements) so that 

the formaldehyde can penetrate t h e  body cavi ty .  Colors w i l l  f ade  when t he  

fish are p laced  i n  preservatives, sa t h e  various markings and colors o f  t he  

f i s h  should be documented before  preservation i f  t h e  specimens will be i d e n t i -  

f i e d  later. 

Each specimen should be carefully label led w i t h  the  f o l l o w i n g  information 

(Traco Ji t c o  , Inc .  1978) : 

1. Date;  

2. Nameof thestudyarea; 

3. Sqte o f  sarnpl i n g  station; 

4 .  Type o f  sample (qua1 i t a t i v e  or quantS tative) ; 

5. Name o f  col 1 ector ; and 

6. Method of sample collection. 

Standard Measurements 

For some variables, standard measurements, such as  1 ength and weight ,  

will be taken. L ive  f i s h  should be handled w i t h  care because they are e a s i l y  

stressed by hand1 fng . 



Length. Lag1 er (1978) descr ibes  t h r e e  length measurements t h a t  can be 

taken: standard leng th ;  f o r k  l e n g t h ;  and t o t a l  l e n g t h  (F ig .  6 ) .  Standard 

l e n g t h  i s  the length o f  a f i s h  from i t s  most anterior extremity (mouth closed) 
t o  t h e  hidden base o f  t he  median tail f i n  rays, where t h e s e  rays articulate on 

t h e  caudal ske le ton .  Thf s spo t  can be l o c a t e d  by Slexmlng t h e  t a j l  ; a crease 

will  be evident  a t  t h e  p o i n t  o f  a r t i c u l a t i o n .  Fork l e n g t h  i s  measured f r o m  

most  a n t e r i o r  e x t r e m i t y  of t he  f i s h  t o  t h e  t i p  o f  the median rays o f  t he  t a i l .  

I n  species where t h e  t a i l  f i n  i s  not forked,  fork l eng th  i s  t he  same as  t o t a l  

l eng th .  T o t a l  l e n g t h  i s  the greatest 'length of a f i s h  from i t s  anteriormost 

e x t r e m i t y  t o  she end of the t a i l  f i n .  F o r  f i s h  wi th  f o r ked  t a i l  f i n s ,  t he  two 

lobes are squeezed t oge the r  t o  g i v e  a maximum l e n g t h .  I f  t h e  lobes are  un- 

equal , the longer lobe i s  used. Any o f  these 1  engths can be used in monitor- 

i n g  s tud ies ;  however, t o t a l  l eng th  i s  used most  o f t e n .  

A measuring board, commonly used t o  measure l eng th ,  i s  e f f i c i e n t  and 
r u f f i c j e n t l y  precl: se f o r  most s tud ies .  These boards contain a graduated sca le  

and can be made o f  wood, p l a s t i c ,  s t a i n l e s s  s t e e l ,  o r  aluminum. Herke  (1977) 

descr ibes  a bas i c  measuring board t h a t  can be cons t ruc ted  o u t  o f  a c r y l i c  

p l a s t i c .  The boards can be made more useful by c o n s t r u c t i n g  them i n  a V-shape 

and a t  an a n g l e  so the f i s h  are h e l d  i n  p l a c e  t o  measure. Lagler (1978) 

i d e n t i f i e s  the f o l l o w i n g  p o s s i b f e  contributors t o  error or l inconsistency i n  

measurements: 

1 .  Muscular  tension w h i l e  f i s h  are a l i v e ,  w i t h  muscle r e l a x a t i o n  a f t e r  

death ; 

2.  Shrinkage o f  f i s h  fol  l ow ing  p r e s e r v a t i o n ;  

3. V a r i a t i o n  i n  t h e  pressure used t o  p u t  t h e  jaws i n t o  a normal closed 

p o s i t i o n ;  

4 .  Incons is tency  i n  squeezing t he  t a i l  t oge the r  t o  g e t  t h e  maximum 

t o t a l  l eng th ;  and 

5. Operator  s k i  11 and consistency. 



Standard length I I 
Fork length * 
Total l eng th  

Figure 6. Three common length  measurements. 



"Numeral bias" may also be introduced; i . e . ,  a tendency t o  record t h e  "even" 

d i v i s i o n s  of a scale or  t o  prefer sca l e  d i v i s i o n s  t o  i n t e r p o l a t e d  l e n g t h  

estimates (Lagler 1978). 

Weight.  Measurements o f  we igh t  shou ld  'be taken w i t h  an accurate scale 
t h a t  i s  sturdy enough to be used in t h e  field. Ext reme p r e c i s i o n  .In w e i g h t  

measurements i s  n o t  possible because o f  v a r i a t i o n  i n  the amount of stomach 

contents and t h e  amount of water engulfed a t  capture (Lagler 1978). Because 

weighing problems can be caused by fish f l o p p i n g  around, anesthetizing t h e  

f i s h  w i t h  MS222 du r i ng  weigh ing i s  recommended. Weights o f  l i v e  f i s h  and 

preserved specimens are n o t  comparable unless percentage o f  shr inkage is 

known. I f  the f i s h  being weighed are very smal l ,  groups of f j s h  ( e . g . ,  f i v e  

f i s h  per group) can be weighed and an average weight  obta ined.  If t o o  many 

f i s h  are  captured to be weighed separately,  weigh 10 i n  each s i z e  class (10 cm 

intervals) , using t h e  f i r s t  10 encountered (Ke7 1 er  and Burnham 1982). 

Species  Cornppsf t i o n  

Data used to compj l e  a species 1 i r t  can be collected w i t h  any technique,  

or combination o f  techniques, t h a t  does n o t  comple te ly  s e l e c t  a g a i n s t  one o r  

more species. Samp'l i ng should be thorough eneugh t o  i nc1 ude species that are 

i n  l o w  numbers or t h a t  are small i n  s i z e .  Sampl ing  s h o u l d  be conducted s e v e r a l  

t imes dur ing  the  year so t h a t  s e a s a n a l  residents w i l l  a1 so be identified. 

R e l a t i v e  Abundance 

R e l a t i v e  abundance da ta  are  used t o  determine t h e  q u a n t i t a t i v e  compos i t i on  

o f  the community and can be calculated using f i s h  biomass o r  population 

numbers. Data are given as percentages o f  occurrence. Species must be 

collected p r o p o r t i o n a t e l y  t o  t h e i r  occurrence t o  ob ta in  accurate composi t ion 

d a t a .  There fore ,  sampl i ng techniques that are species selective should not  be 

used. All sampling gear i s  selective to some degree; consequent ly,  relative 

abundance data should be analyzed w i t h  t h e  selectiv-i ty o f  the  gear used i n  

mind. 



Length-Wei ght Re1 ationships 

In f i s h ,  the length-weight  relationship can be expressed by t h e  following 

equat ion (Ricker 1975; Bagenal and Tesch 1978) : 

where W = we igh t  

L = l e n g t h  

Generally, t h e  equat ion i s  t ransformed t o :  

log(W) = 1ogCa) + btlogCL)I, 

and the data are t h e n  analyzed by simple r e g r e s s i o n  methods. 

When the  l o g a r i t h m  o f  t h e  we igh t  i s  plotted against the logarithm o f  the 

length, t h e  anti log o f  t he  Y-intercept S s equal to "a" and the slope of the 

f i t t e d  line i s  equal to "b" ( b  typScally i s  "near" 3.0). These c o e f f i c i e n t s  

vary among spec ies and sometimes w i t h i n  t h e  same species. Fish typically pass 

through several stages o f  growth between which rather abrupt changes i n  struc- 

ture or physiology may occur. Each growth stage may have 3 t s  own length-weight 
r e l a t i o n s h i p  (Ricker 1975) and, therefore, need to be analyzed separately. 

The length-welght relationship varies  during d i f f e r e n t  times o f  t h e  year, 
primarily because f i s h  typically lose weigh t  dur ing  the winter  and g a i n  weight 

dur ing  the summer. Weights a r e  a l so  a f f e c t e d  by spawning c o n d i t i o n  and amount 

o f  stomach contents. The 1 ength-weight re1 a t i o n s h i  p may a1 so vary between 

sexes. 



Populat ion EstSrnation 

The on ly  population e s t i m a t i o n  method recommended far small s t r e a m s  i s  

t h e  removal method based on e l e c t r o f i s h i n g  because t h i s  method  is very 

e f f i c i e n t .  I n  a 100 m stream section ( o n e  study s i t e ) ,  t w o  t o  four removal 

passes are  adequate and can be made i n  l ess  than one-ha1 f day. 

F ie ld  methods and considerations for electrof i  s h i  ng were  d i  scussed 

p rev ious l y  i n  t h l  s chapter. Obtaining re1 fable data requlres three c r i t e r i a :  

(1) f i s h  canno t  be l o s t  f rom t he  study s i t e  wh i l e  samp l i ng  (b lock-o f f  t h e  s i t e  

HI t h  nets i f  necessary); (2)  a1 1 stunned f i s h  must  be captured; and (3) equal 

effort must be used en a1 1 removal passes .  The equal e f f o r t  r e q u i r e m e n t  i s  

especially i m p o r t a n t  because e s t i m a t e s  o f  pepul a t i o n  s i z e  can be badly biased 

w i t h  unequal sarnpljng e f f o r t .  

One removal pass i n  a study area u s u a l l y  cons i s t s  o f  going f i r s t  upstream 

and then downstream. A t  l e a s t  two passes need t o  be made f o r  an adequate 

sample and three  o r  more passes may be needed u n l e s s  t h e  e f f i c i e n c y  o f  t h e  

sampling g e a r  i s  very h igh (i . e .  , a capture probabi 1 i t y  o f  0.8 o r  more  on each 

pass) .  The o p t i m a l  sarnpl i n g  s f  t u a t f  on i s  when 100% o f  t h e  f i s h  are removed in 

t h e  f i r s t  pass; then the purpose o f  the second pass  i s  t o  v e r i f y  t h a t  a l l  the 

f i s h  have been counted. I n  p rac t i ce ,  capture p r o b a b i l i t i e s  as h igh  as 0.8 are 

uncommon, although t h i s  may be a reflection o f  the e f f i c i e n c y  o f  t he  electro- 

f i s h i n g  gear i n  use, and s i g n i f i c a n t  numbers o f  f i s h  are usua l l y  caught on t h e  

second and subsequent passes. 

I f  a l l  o f  the f i s h  are caught by the l a s t  removal p a s s ,  t h e  p o p u l a t i o n  

est imate i s  t h e  t o t a l  number of f i s h  captured. T h i s  est imate  does n o t  rely on 

any assumptions about capture p r o b a b i l i t i e s .  For example, f f  t he  removal 

counts (data)  f o r  four passes were 157, 15, 1, and 0, i t  i s  reasonable t o  

assume t h a t  a l l  o f  the f i s h  w e r e  caught and t o  use 173 (157 + 15 + 1 + 0) as  

the populat ion est imate f o r  t h a t  site. However, i f  t h e  capture data for  t h e  

four  passes was 35, 25, 20, and 18, the populat ion s ize  i s  n o t  obvious. In 

t h i s  case,  i t  i s  necessary t o  use t h e  removal data t o  est imate  the populat ion 



size f o r  the s i t e .  I n  t h a t  case, t h e  e s t i m a t e  may n o t  be very precise because 

t he  sampling was inefficient. Statistical analysl's can partially solve the 
problem. Hawever,  t h e  real " s o l u t i o n t '  1 s to obtain more re1 iable  data through 

the use o f  better equjprnent and f i e l d  procedures, w j t h  an i n c r e a s e d  cap tu re  

p r o b a b i l i t y  (Capture probability in the f f r s t  example above i s  0.90; i n  the 

second example, capture probability i s  0.20. The p o p u l a t i o n  s i z e  i s  the same 

i n  both cases . )  

Far compara t i ve  purposes, abundance data should be expressed as a c o n s i  s- 

t e n t  d e n s i t y  measure; f o r  example, f i s h  per  linear m i l e  o f  s t r eam or fish per 

surface area (see ,  e.  g. , K e l l  e r  and Burnham 1982). 

Computations f o r  two removal p a s s e s .  Le t  U1 = t h e  number o f  f i s h  removed 

(captured) on t h e  f i r s t  pars and U p  = t h e  number removed on the second pass. 

An est imate  o f  population size 7s: 

Estimated cap tu re  p r o b a b i  1 i t y  S s: 

This q u a n t i t y  i s  the es t ima ted  p r o b a b i l i t y  o f  capture of a f l s h  on one removal 

pass .  I f  t h e  two c a p t u r e  probability on each pass Is at least 0.80, this 1 s  a 

re1 iabl  e estimate of population size, w i thou t  r e q u i r i n g  e x a c t l y  equal  capture 

probab i  1 i ti es on each pass. 



n 
Compu ta t i ona l  examples for N and $ are g l v e n  below f o r  t w o  s e t s  o f  data: 

Example 1 (U1 = 157, U2 = 15) 

" N = -  157 - --- 157 - 173.6 = 174 f i s h  15 0 .go45 '- 73-7 

Example 2 (U1 = 35, U2 = 25) 

n 35 - N = - - - -  35 - 122.5 = 123 f i s h  
1 0.2857 

3 5 

n P = l - - -  25 - 0.2857 
3 5 

Far t he  lower est imated p (0,2857) i n  example 2, t h e  e s t i m a t e  o f  N i s  

u n r e l i a b l e  i n  two  ways: (1) i t  has a large wi t h i n - s i t e  sampling varfance; and 

(2) fi may be badly blased i f  t h e  assumpt ion  o f  equal capture probability on 

each removal pass i s  invalid. The solution to t h e  problem I s  to make more 

removal passes. With three o r  more removal passes, the assumpt ion  o f  equal 

cap tu re  p r o b a b i l i t y  on every pass can be t e s t e d .  However, i f  enough removal 

passes are made so that a l l  o f  the f i s h  are caught, no assumptions o r  soph is -  

t i c a t e d  analyses are needed t o  e s t i m a t e  t h e  population s i z e .  

n 
The formula  t o  determine the sampling variance o f  N when two passes  are 

made i s :  



A M (I-M/N) var(ht) = A-B 

where M = UI + Ut 

A = (~/i)~ 

A 

The square root o f  t h e  variance i s  the standard error o f  N ,  denoted by 
n n 

re(N). It measures how reliable N i s  a s  an e s t i m a t e  o f  t h e  f i s h  population 

s i z e  i n  t h e  sampled s i t e  a t  the t ime o f  sampling. 

n n 
A computat4onal example o f  var(N) and se(N) when Ul = 157, U2 = 15,  

A 
M = U1 + U2 = 172, N = 174, and $ = 0.90 follows: 

= (3.24) (0.09554) 

= 0.3096 

and 



An approximate 95% confidence Snterval for N ( t r u e  population s i z e )  i s :  

Because 172 f i sh  were actually removed, t h e  lower bound o f  171 should  be 
n 

changed to 172. The narrow interval (172 to 177) i n d i c a t e s  t h a t  N = 174 i s  a 

precise est imate  o f  t h e  population size at the t i m e  o f  ramp1 i n g  [see in for rna-  
A 

t i o n  be1 ow f o r  more on the mean? ng of se(N)]. 

Computations f o r  the example where U1 = 35 ,  U p  = 25, M = U1 + Ut = 60, 
n 
N = 123, and = 0.2857 are: 

A 

Such a large standard error far an est imate  of 123 i n d i c a t e s  t h a t  t h i s  N i s  an 

unrel i a b l  e es t imate .  The approx imate  95% confidence interval 4 s 123 k 

( 2  x 80.7) or -38 to 284. The lower baund o f  -38 i s  replaced wi th  60 because 

60 f i s h  were actually known t a  be in t h e  s i t e ,  and t h e  range becomes 60 t o  

284, an unacceptably 1 arge interval . 



A problem would have been i d e n t i f i e d  i n  the field when counts  o f  U1 = 35 

and UZ = 25 were obtained. The recourse i n  t h i s  situation is t o  do more 

sampling. This can be accomplished w i t h  more passes  under the same cond i t i ons  

as the f i r s t  pass (although t h i s  will n o t  help much when the  true capture 

probability, p, is only  0.2) or w f t h  increased efficiency of e l e c t r o f i  sh ing .  

Additional possibilities t h a t  should be looked at include equipment failure, 
very low stream conduct iv i ty ,  and i n s u f f i c i e n t  sampling e f fo r t  during t h e  

p a s s .  

Computations f o r  more than two removal passes. There  are no simple 

e s t i m a t i o n  fo rmu las  when t h r e e  or more removal passes are made, except to use 
n 

t h e  t o t a l  o f  a l l  f i s h  remaved a s  N when that appears j u s t i f i e d  (see example 1, 

above). One possible estimation approach relies on a regression a n a l y s i s  o f  

the data, a1 though t h i s  approach I s  n o t  recommended (see Otis e t  a1 . 1978; 

W h i t e  e t  a7 .  19823. A maximum 1 i k e l  ihood estimator o f  N ( t h e r e  are  several 

sl i g h t l y  d i f f e r e n t  versions available) has good properties, but e x a c t  csrnputa- 

ti on requires iterative numerical  techniques. A very use fu l  cornpromi se is to 

use t h e  method developed by Z i p p i n  (1958), which relies on his published 

graphs. Zippin's method was modi f ied  s l  i g h t l y  and the graphs were replaced 

with simple polynomial f unc t i ons ,  i n  order t o  provide a method easily applied 

by f i e l d  users. Thus, the method o f  estimating N ,  given below, f s  essentially 

t h a t  developed by Zipp in  ( 1958 ) .  

Equations for th ree ,  four ,  and f i v e  removal passes only  are presented. 

The upper limit o f  f i v e  was selected because more t h a n  f i v e  passes would n o t  

be required w i t h  good equipment and technique. First, two calculations are 

made f r o m  t h e  removal data: 

gThi s free pub1 ication i s  available from D r .  Gary C. White, Los Alamos N a t i o n a l  
Laboratory, Section LS-6, Mail Stop 495, P.O. Box 1663, tor Alamos, NM 87545. 



M = sum o f  a l l  r e m o v a l s  = U1 + U2 + . . .  
+ Ut 

where  t = t h e  number o f  remova l  o c c a s i o n s  

Ui = number o f  f i s h  i n  i th remova l  pass  

C i s  j u s t  a w e i g h t e d  sum. Now f o r m  t h e  r a t i o  

C-M R = - 
M 

A 
T h i s  r a t i o  i s  t h e  b a s i s  f o r  t h e  e s t i m a t e  o f  c a p t u r e  p r o b a b i l i t y  ( p ) ,  

e x c e p t  t h a t  t h e  r e l a t i o n s h i p  be tween R and  p  i s  c o m p l i c a t e d .  E x c e l l e n t  

a p p r o x i m a t i o n s  (one  f o r  each  t = 3, 4, and  5) t o  t h i s  r e l a t i o n s h i p  were  

o b t a i n e d  b y  u s i n g  a  p o l y n o m i a l  i n  R .  T h a t  i s ,  f o r  known c o e f f i c i e n t s  g i v e n  i n  

T a b l e  8: 

T a b l e  8. P o l y n o m i a l  c o e f f i c i e n t s ,  ai, f o r  compu t i ng  t h e  e s t i m a t e  o f  c a p t u r e  

p r o b a b i l i t y  f r o m  remova l  d a t a  f o r  t = 3 ,  4, and  5 remova l  o c c a s i o n s  (assum- 
i n g  a  c o n s t a n t  c a p t u r e  p r o b a b i l i t y  on each  o c c a s s i o n ) .  

C o e f f i c i e n t  o f  t 
t e r m  3 4  5  



Select t he  a p p r o p r i a t e  c a e f f j c i e n t  s e t ,  compute and i n s e r t  R i n t o  the 

above formula, and compute 6. The estimated popu la t ion  s i r e  i s :  

The est imated standard error i s  g i v e n  by: 

/ A n 
h 

se(N) = N( N-M) M 

Use of these formulas i s  i l l  ustrated with several examples. First, w i t h  

the  previously introduced data  for  t = 4: U1 = 35, U2 = 25, U3 = 20, and 

U4 = 18. M = 98 (= 35 + 25 + 20 + 18). The q u a n t i t y  C i s :  

C = (1)35 + (2125 + (3120 + (4118 

= 35 + 50 + 60 + 72 

= 217 

The v a l u e  o f  R i s :  

A 6 A 
I n  the calculation o f  R ,  p ,  N, and t h e  standard error o f  N ,  numbers should be 

n A 

carried t o  a t  least f i v e  s i g n i f i c a n t  d iga ' t s .  The value o f  N and p s h o u l d  be 

rounded o f f  t o  f e w e r  decimal places for r epo r t i ng .  

Having computed R = 1.21428, t h e  c o e f f i c i e n t s  i n  Table 8 f o r  t =4 removal 
A 

occasions are used t o  compute p :  



n 
Using t h i s  e s t i m a t e  o f  capture probab77 i t y ,  N = - can be computed: 

I-( 1-;lt 
n 
N = 98 

Finally, t h e  es t imated  standard error ( t h e  square r o o t  o f  t he  v a r i a n c e )  
n 

o f  N i s  computed. The numerator o f  t h e  s a m p l i n g  variance i s :  

The denomina to r  i s: 



A 

The est imated s t a n d a r d  error o f  N i n  this example i s :  

An approximate 95% confidence interval on the  unknown populat ion sSze i n  

t h e  study s i t e  i s :  

For this example, the i n t e r v a l  i s  161.7 ? 2 (40.0) o r  81.7 t o  244.7. A t  t h i s  
A 

p o i n t ,  i t  i s  acceptable t o  round o f f  N and t h e  interval l i m i t s  to i n t e g e r s :  
n 
N = 162 and the  approximately 95% conf jdence l i r n i t s  are 82 t o  245 f i s h .  

h 

T h i s  example i l l u s t r a t e s  t h a t  the e s t i m a t e  o f  N i s  imprecise when the 
capture  probability i s  ?ow ( p  o f  0.20 i s  d e f i n i t e l y  low). The standard error 

n 
o f  40, w i th  N = 162, demonst ra tes  t ha t  these e l e c t r o f i s h i n g  data  are very 

'E'rnprecise. So poor ,  i n  f a c t ,  t h a t  the lower confidence bound i s  less than t h e  

98 f i s h  a c t u a l l y  removed. When t h l s  k ind  o f  discrepancy occurs, t h e  lower 

bound should be replaced by the number o f  f i s h  actually removed, 98 i n  t h i s  

case. 

A more abbreviated example i s  g i v e n  below using better data :  U1 = 157, 

U2 = 15, U3 = 1, and U4 = 0. The va lues  o f  M and C are M = 173 and C = 190. 

R = (190-173)/173 = 0.09826; I s  computed from t h e  polynomial specified by 

t he  c o e f f i c i e n t s  f o r  t = 4 :  



The est imate o f  population size  i s :  

w i t h  a standard error o f ,  essent ia l ly ,  0 . 0 ,  

When i s  a t  least 0.9, it i s  unnecessary to compute a standard error 
because i t  would be essentfally zero.  The value o f  comput-ing the standard 

A 

error i s  i n  representing the p r e c i s i o n  o f  the estimate N (see t h e  section i n  
Chapter T U  on interpreting sampl i ng v a r i a t i o n ) .  To some extent, t h e  re1 i a b i  1 - 

n A n 
i t y  o f  U can be judged by t h e  value o f  p .  If p 1 0 . 8 ,  results  are reljable.  

n A 
For  0.5 5 p < 0.8, N i s  probably a good popu la t i on  estimate, a l t h o u g h  some 

uncertainty remains about the actual number of f i sh  i n  t h e  sampled stream 
A 

segment. If  0.25 5 p < 0 . 5 ,  t h e  results  may n o t  be very re1 i ab f  e, a1 though 
f i  n 

t h e  est lmate of N may be acceptable i f  t h r e e  ( o r  f o u r ,  i f  p i s  near 0.25) 
A A 

removal passes were done. For p i 0.25, N can be very unreliable; i t  wil l  not 

only l a c k  precision,  but  i t  can be severely biased by problems of unequal 
4 

capture probabilities tha t  do not have much e f f e c t  when p i s  large.  I f  p < 

0.10, t h e  e s t i m a t e  of N i s  worthless. Note t h a t ,  i n  t h e  example above where 
n A 

p = 0,20 and t = 4 ,  N was imprecise; with such paor populat ion e s t i m a t e s ,  

monitoring for management e f f e c t s  an f i s h  abundance i s  a waste of t i m e  and 

o t h e r  resources. 

Assess ina  the F i t  o f  t h e  Model 

Given three o r  more removal passes, a chi-square goodness-of-fit test  can 

be used t e  test t h e  assumption o f  equal probability (see Whj te  e t  a l .  1982: 

Chapter IV for deta i  1 s ) .  A s  mentioned above, t h e  assumption o f  equal probabil- 
A 

i t y  o f  capture between passes i s  only cr i t i ca l  when p ranges f rom 0 . 2  t o  0 . 5  

for three or four removal occas ions.  It i s  unnecessary to apply the  test i f  

most  o f  the f i  sh were caught during sampl i ng. 



A 
When capture probabilities are low and v a r i a b l e ,  N will be biased low 

( see ,  e . g . ,  Mahon 1980). S t r a t i f i c a t i o n  by f i s h  size and species h e l p s  to 

overcome t h e  problem o f  heterogeneous capture probabilit-ies. If t h e  data 

still do not f i t  t h e  model, the  estimate can be accepted anyway o r  t h e  

generalized removal es t ima to r  used (White e t  a l .  1982: Chapter IV), which 

sometimes h e l p s  improve t h e  accuracy o f  t h e  e s t l m a t e .  T h i s  approach i s  

complex, difficult to compute, and probably will n o t  be very useful. There- 

fore,  i t  i s  n o t  I nc l uded  here. Use o f  a computer program, especially CAPTURE 
(Whi te  e t  a1 . 1982) or  CMLE ( P l  a t t s  e t  a1 . 19831, i s  recommended in t h i  s 

anal y s i  s .  

S t r a t i f y i n g  D a t a  by Fish S i z e  o r  Specjes 

The e s t i m a t o r  o f  p o p u l a t i o n  size previously presented is based an an 

assumption o f  equal capture probability f a r  all f i s h  on each removal occas ion.  

This assumpt ion  i s  n o t  c r f t i c a l  i f  all o f  the fish o f  i n t e r e s t  are caught. 

However, i f  substant ia l  numbers of f i s h  are uncaught a f t e r  the f inal  pass,  

model assumptions may not be met. S t r a t i f y i n g  the removal data by f l s h  s i z e  

classes  or by species (or both) greatly h e l p s  to meet the assumptSons for a 

v a l i d  population estimate. Stratification based on s i r e  i s  espec ia l ly  

important f n estimating biomass.  

When s t ra t i fy ing  data by s i z e ,  two or  three s izes  classes are usually 

enough. Data  can be stratified on fish length because o f  t he  strong correla- 

tion o f  l e n g t h  with weight and body surface area. Two s i z e  classes for rainbow 

trout, f o r  example, could be f i s h  5 12 cm and f i s h  v 12 cm. 

I f  est imates  are obtained by f i s h  sire class, their sum becomes the 

estlrnate o f  the total number of f i s h  of t h a t  species. The sarnpl i n g  var iance 

o f  t h a t  total i s  t h e  sum of the s a m p l i n g  variances o f  t h e  indfvidual est imates .  

For example: 



A 

S t z e  class  - N se$l var(i1 

3 - 43 3.2 10 .2  
Totals 236 111.9 

The s t a n d a r d  error o f  = 236 i s f i  = 10.6, n o t  the sum o f  t h e  th ree  
A 

standard errors. Therefore, N = 236 f s a reasonably good popu la t i on  e s t i m a t e  

for t h l  s species. I f  estimates o f  f i s h  numbers are by species, simply add the 
f i  

separate N values and t h e i r  var iances for t h e  spec ies  involved t o  obtain an 

e s t i m a t e  o f  t he  t o t a l  p o p u l a t i o n  s i z e  and i t s  variance. 

Other p o p u l a t i o n  es t imat ion  methods. Capture-mark-recapture methods may 

be des irable  when surviva ' l  r a t e s  and/or f i s h  movements are being measured. 

This  method can a l so  be used t o  estimate population s i z e :  For  larger bodies 

o f  water, o t h e r  methods, such a s  capture-recapture o r  c a t c h - e f f o r t  may be 

needed. However, these procedures are complex ( s e e  Seber 1973, 1982; Ricker  

1975; Brownie e t  at . 1978; O t i  s et a1 . 1978; White e t  a1 . 1982). (Note t h a t  

the  c a t c h - e f f o r t  method i s  p r i m a r i l y  useful i n  commercial f i s h e r i e s .  ) 

The above methods generally require marking o r  tagging f i s h .  An ideal 

mark ing  o r  tagg ing  method would have the  f o l  lowing c h a r a c t e r i s t i c s  ( L a i r d  and 

Stott 1978): 

I .  Fish  are permanently and unmistakably recogn izab le  t o  anyone examin- 

i n g  them; 

2. The method i s  inexpensive; 

3. The method I s  easy to apply under f i e l d  cond i t ions ;  and 

4.  The marking o r  tagging has no e f f e c t  on f i s h  growth, mortality, 

behav ior ,  susceptability to p reda t i on ,  or  commercial v a l u e .  



Unfo r t una te l y ,  no currently a v a i  7 ab le  technique has a 11 o f  t h e s e  c r i t e r i a .  

Var ious markjng and t agg ing  techn iques are l i s t e d  i n  Tab le  9. For  f u r t h e r  

d iscuss ion  o f  t h e s e  methods, see L a i r d  and Stott (1978). 

Table 9 .  Marking and tagging techniques (cornpi led from 
Laird and S t o t t  1978). 

Markfng techniques Tagging techniques 

F i n  c l i p p i n g  
Opercul ar and 
Branding 
Ta t too ing  
Subcutaneous 

f i n  punches 

i n j e c t i o n  
dyes 
l i q u i d  l a t e x  
v i t a l  stains 
f 1 uorescent dyes 

Subcutaneous t ags  
E x t e r n a l  t ags  - wired on 

w i r e  and p l a t e  t a g s  
hydrostatic tag  (Lea tag )  
Petersen t a g  
double a t tachmen t  t a g  

Ex te rna l  tags  w i t h  an i n t e r n a l  
anchor 
spaghe t t i  t a g  
s t rap  t a g  
opercular t a g  
jaw t a g  

Biomass 

n, 
Biomass o f  f i s h  w i t h f n  a s i t e  i s  es t imated  as NW, where estimates the 

A 
average weight o f  a1 1 f i sh  o f  the species o r  s i z e  class that N r e l a t e s  to. 

A1 so, let se(W) represent the standard e r r o r  of W. I n  t h e  simplest c a s e ,  a 
n 

t o t a l  o f  M f i s h  are caught (= U1 + UZ + . . .+ Ut) ;  N i s  based on t h e  successive 

removals, and i s  t h e  average weight  o f  t he  M f i s h  caught. The standard 

error o f  W i s  computed f rom the M i n d i v i d u a l  values  o f  f i s h  welghts,  as per 

t h e  "usually3' formula presented I n  Chapter I V .  The standard error o f  t o t a l  
n 

bfomass i n  t he  s i t e ,  0(= NW), i s  approximately: 



I f  i t  i s  necessary t o  s t r a t i f y  t h e  da ta  f o r  a spec ies  i n  order t o  e s t i -  

m a t e  t h e  p o p u l a t i o n ,  then  t h e  t o t a l  biomass i n  t h e  s i t e  must a1 so be computed 
A 

on t h i s  s t r a t i f i e d  bas is .  N and W are f i r s t  computed for each s t r a t a .  

I f  the removal data are stratified inta  t w o  size  classes,  two pairs o f  
A ,  

values N1, W1 and 5 ,  W p  are c a l c u l a t e d .  T o t a l  b iomass i s :  

n n n n 
Average f i s h  w e i g h t  i n  t h e  s t t e  i s  B d i v i d e d  by N = N1 + Np. 

These fo rmu lae  are v a l i d  regardless o f  t h e  way W i s  computed. I f  many 

f i s h  are caught, they do n o t  a17 have t o  be wejghed. Average w e i g h t  can be 

estimated f rom a random subsample o f  f i s h  caught.  A more complex procedure i s  

t o  take the l e n g t h  o f  a l l  f i s h ,  b u t  weigh only a small number; e.g. ,  t h e  f i r s t  

10 in each length class .  

Length and w e i g h t  must  be recorded f o r  each f i s h  weighed, i n  a d d i t i o n  t o  

t h e  l eng ths  o f  a l l  f i s h  caught b u t  n o t  weighed. The l o g  o f  w e i g h t  v s .  log o f  

length ( s e e  Chapter V )  i s  used to estab l  l s h  t h e  relationship between l e n g t h  

and w e i g h t .  The length-weight e q u a t i o n  can t h e n  be used t o  predic t  t h e  weigh t  

o f  the unweighed f i s h .  

A l ess  accurate b u t  simpler approach t o  analyzing s t r a t i f i e d  data i s  

p o s s i b l e .  Assume there are llr" 1-cm l e n g t h  i n t e r v a l s  encountered and the 

f i r s t  10 f i s h  encountered in each length i n t e r v a l  are weighed (or a1 1 are 

weighed i f  less  than 10 f i s h  i n  a l e n g t h  i n t e r v a l  are captured) .  The average 



weight  i n  each length  i n t e r v a l  i s  calculated, and the t o t a l  number o f  f i s h  i n  

successive I-cm length  i n t e r v a l s  is t a b u l a t e d .  A tab le  can then be developed 

from these data: 

Length c l a s s  Average weight  
Number caught 

by l e n g t h  c l a s s  

The sum o f  t h e  number o f  f i s h  caught by l e n g t h  c lass  ( M I  equals  t h e  t o t a l  

number o f  f l s h  removed. The averages Wi are not  general l y  based on a1 1 ni 

f i s h  i n  t h a t  1-crn l e n g t h  i n t e r v a l  because not all o f  t h e  f i s h  are weighed. 

The e s t i m a t o r  o f  the average we igh t  of f i s h  for t h e  s i t e  i s :  

Variance estimates for  either t h e  regress ion  or  weighed s i z e  c l a s s  methods 

can be derived. However, the procedure f o r  t h e  d e v i a t i o n s  is complex and i s  

n o t  inc luded  i n  t h i s  manual. 



SECONDARY VARIABLES 

V a r i a b l e s  o t h e r  t h a n  t h o s e  a l r e a d y  d i s c u s s e d  may be i m p o r t a n t  i n  some 

m o n i t o r i n g  programs.  These secondary  v a r i a b l e s  may be h a b i t a t ,  f i s h e r y ,  o r  

b i o t i c  r e l a t e d .  

O t h e r  H a b i t a t  V a r i a b l e s  

A b i o t i c  a t t r i b u t e s  t h a t  may be m o n i t o r e d  under  c e r t a i n  c i r c u m s t a n c e s  

i n c l u d e  bed load ,  d e t r i t u s ,  suspended s o l i d s ,  d i s s o l v e d  oxygen, pH, conduc- 

t i v i t y ,  a l k a l i n i t y ,  hardness ,  n u t r i e n t s ,  p e s t i c i d e s ,  m e t a l s ,  and s a l i n i t y .  

L i t e r a t u r e  i s  a v a i l a b l e  on measurement t e c h n i q u e s  f o r  a l l  o f  t h e s e  v a r i a b l e s .  

Two g e n e r a l  r e f e r e n c e s  t h a t  may be u s e f u l  a r e  Amer ican P u b l i c  H e a l t h  

A s s o c i a t i o n  e t  a1 . (1971) and U . S .  G e o l o g i c a l  Survey  (1977) .  

O t h e r  F i  s h e r y  V a r i a b l e s  

O t h e r  f i s h e r y  v a r i a b l e s  t h a t  can be m o n i t o r e d  i n c l u d e  age and g row th ,  

f o o d  h a b i t s ,  p r o d u c t i o n ,  s u r v i v a l  o r  m o r t a l i t y ,  f u c u n d i t y ,  p a r a s i t i s m ,  d i s e a s e ,  

and n e t  p r o d u c t i o n .  Measurement o f  many o f  t h e s e  v a r i a b l e s  i s  d i s c u s s e d  i n  

R i c k e r  (1975) and Bagenal (1978).  

O t h e r  B i o t i c  V a r i a b l e s  

I f  changes i n  t h e  s t ream ecosys tem a r e  m o n i t o r e d  h o l  i s t i  c a l  l y  , o r g a n i  sms 

b e s i d e s  f i s h  ( e . g . ,  b a c t e r i a ,  p e r i p h y t o n ,  macrophy tes ,  and m a c r o i n v e r t e b r a t e s )  

can be sampled. There  a r e  v a r i o u s  samp l i ng  t e c h n i q u e s  a v a i l a b l e  f o r  a  number 

o f  a t t r i b u t e s  t h a t  can be measured f o r  each g roup  o f  o rgan isms.  F o r  example, 

v a r i a b l e s  t h a t  may be o f  i n t e r e s t  f o r  m a c r o i n v e r t e b r a t e s  i n c l u d e  s p e c i e s  

c o m p o s i t i o n ,  b iomass,  r e l a t i v e  abundance, emergence, and d r i f t .  Genera l  

samp l i ng  t e c h n i q u e s  f o r  n o n f i s h  s p e c i e s  a r e  d i s c u s s e d  i n  Cummins (1962),  

Edmondson and Winberg (1971),  Mason e t  a l .  (1973) ,  Weber (1973 ) )  B e n f i e l d  e t  

a l .  (1974) ,  Greeson e t  a l .  ( 1977 ) )  Mason (1978 ) )  Resh (1979) )  and P l a t t s  e t  a l .  



(1983). References di  scussi ng other  b i o t i c  var iab les  t h a t  could be measured 
inc lude  Edmondson and Winberg (1971), Langford and D a f f e r n  (19751, and Greeson 

e t  a l .  (1977). 

Identification o f  organi srns requires someone knowledgeable about t he  t a x a  

sampled. F o r  genera l  i nformat ien,  see Usi nger  (1974) o r  Pennak (1978). 

REFERENCES 

American Publ i c  Health  Assoc ia t i  on ,  American Water Works Assoc ia t ion ,  and 

Water Pollution Control Federa t ion .  1971. Standard methods f o r  the  

examina t ion  o f  water and wastewater, 13th ed. 874 p p .  

Arnette, J .  L .  1976. Nomenclature for i n s t r e a m  assessments. Pages 9-15 - i n  

C. B. Stalnaker and J. L .  Arnet te ,  eds. Methodologies f o r  t h e  deterrnina- 

t i o n  o f  stream resource f l o w  sequirements:  an assessment. U . S .  Fish  

Wildl .  Serv. ,  Logan, UT. 

Backie l ,  '6. 1980. Introduction. Pages 1-5 - i n  T. Backiel  and R.  L. Welcome, 

eds. Guidelines f o r  sampling f i s h  i n  i n l a n d  waters .  European I n l a n d  

F i s h .  Advisory  Comm. Tech. Pap. 33.  

Bagenal, T. ,  ed. 1978. Methods f o r  assessment  o f  f i s h  product ion i n  f r e s h  

waters.  3rd e d .  Blackwe11 S c i e n t i f i c  Pub l . ,  Oxfo rd .  I B P  Handb. 3 .  

358 pp, 

Bagenal , T. B, and F. W .  Tesch. 1978. Age and growth. Pages 101-136 i~ T.  
Bagenal , ed. Methods for assessment o f  f i s h  product ion Jn f r e s h  waters.  

3rd ed. Blackwell S c i e n t i f i c  Publ . , Oxford .  I B P  Handb. 3 .  

B e n f i e l d ,  E .  F . ,  A. C .  Hendricks, and 3 .  C a I r n s ,  J r .  1974. Preferences o f  

t w o  a r t i f i c i a l  substrates i n  c o l l e c t i n g  stream macroinvertebrates.  

Hydrobiologia 45:431-440. 



Beschta, R .  L. 1982, Comment an "Stream system evaluat ion wi th  emphasis on 

spawning h a b i t a t  f o r  s a l r n o n i d s ' 9 y  M. A. S h i r a z i  and W .  K. Seirn. Water 

Resources Research 18(4$ : 1292-1295. 

B i n n s ,  N .  A.  1979. A h a b i t a t  q u a l i t y  index f o r  Wyoming t r o u t  streams. 
Wyoming Game F i s h  Dept., Cheyenne. F ish.  Res, Rep. 2. 75 p p .  

Brown ie ,  C., O. R.  Anderson, K.  P. 'Burnham, and D. S .  Robson. 1978. S t a t i  s- 

t i c a l  i n f e r e n c e  f rom band recovery data - a handbook. U.S. F i s h  Wildl. 

Serv.  Resour. Pub1 . 131. 212 pp.  

Corbet t ,  D. M. ,  N'. C .  Grover, C. J .  Paulsen, E. D. Burchard, M. H. Carson, 

J. J .  D i r z u l a i t i s ,  H. E. Grosbach, A .  B. Pur ton ,  M. R.  S tackpo le ,  C. H. 

Pierce, G .  C. S t e v e n s ,  M.  C. Boyer, and A.  H. Frazier. 1945. Stream- 

gaging procedure. A manual desc r i b i ng  methods and p r a c t i c e s  o f  the 

G e o l o g i c a l  Survey. U. S .  Geol . Surv. , Water Supply Pap. 888. 245 p p .  

Craig,  J. F. 1980. Sampl i n g  wi th  t r a p s .  Pages 55-70 in T. B a c k i e l  and R .  L. 

Welcornme, eds. Guide1 i nes  f o r  sampl ing f i sh i n  i n l a n d  waters .  European 

I n l a n d  Advisory Comm. Tech. Pap. 33. 

Cummins, K. W. 1962. An evaluation o f  some techniques f o r  the c o l l e c t i o n  and 

a n a l y s i s  of b e n t h i c  samples with special emphasis on lo t ic  waters. Am. 

Midl. N a t .  67:477-512. 

Dauble ,  0. D. ,  and R.  H. Gray. 1980. Comparison o f  a smal l  seine and a 

backpack electroshecker t o  e v a l u a t e  near share f i s h  p o p u l a t i o n s  i n  r i v e r s .  

Prog . F i  sh-Cu7 t . 42 : 93-95. 

Du f f ,  D. A . ,  and J .  L. Cooper. 1976. Techniques f o r  conducting a stream 

h a b i t a t  survey on N a t i o n a l  Resource Land. U . S .  B u r .  Land Manage. Tech. 

Note  283. 72 p p .  



Edmondson, W .  T . ,  and G. G.  Winberg, eds. 1971. A manual on methods f o r  t h e  

assessment o f  secondary p r o d u c t i v i t y  i n  f resh water. Blackwell S c i e n t i f i c  

Pub1 . , Oxford. IBP Handb. 17. 358 pp.  

Eiserman, F . ,  G.  Dern, and J .  Doy le .  1975. Cold water stream handbook for  

Wyoming. U. S. Soi  1 Conserv. Serv. and Wyorni ng Game F i s h  Dept . 38 pp. 

E v e r e s t ,  F. H., C. E. McLernore, and J. F. Ward. 1980. An improved t r i - t u b e  

cryogenic gravel sampler. U . S .  For. Serv.,  P a c i f i c  Northwest For .  Range 

Exp.  S t n  . , Res. Note PNM-350. 8 pp.  

Greeson, P. E., T. A.  E h l k e ,  G .  A.  Irwin, 8.  W .  Lium, and K. V .  Slack ,  eds. 

1977. Methods for  collection and analysis o f  a q u a t i c  biological or 

microb io log ica l  samples. Techniques for water-resources i n v e s t i g a t i o n s  

o f  t h e  Un i ted  S t a t e s  G e o l o g i c a l  Survey. Book 5, Chapter 4A.  U.S.  Geol . 
Surv .  332 pp .  

Gulland, J. A. 1980. General concepts o f  sampl ing  f i s h .  Pages 7-12 in T.  

BackieJ and R. L. Welcornrn~, eds. Gu ide l ines  f o r  sampling f i s h  i n  i n l a n d  

waters. European lnl and F i  sheries Advi sory Comm. Tech. Pap. 33.  

Hall, J .  D., and R. L. Lantz. 1969. E f f e c t s  o f  logg ing  on t h e  h a b i t a t  o f  

coho salmon and c u t t h r o a t  t r o u t  i n  coas ta l  streams. Pages 191-200 2 J. 
G. Ner thcote ,  ed. Symposium on salmon and t r o u t  i n  streams. Un iv .  

BrS ti sh Columbia, Vancouver, BC.  

Har r ison ,  C, W .  1923. P l a n t i n g  eyed salmon and trout eggs. Trans. Am. F i s h .  

Soc. 53:191-200. 

Hartley, W. G. 1980. The use o f  e l e c t r i c a l  f i s h i n g  f o r  e s t i m a t i n g  s t o c k s  o f  

f reshwater  f i s h .  Pages 91-95 Sn T.  Backie l  and I?. L. Welcornme, eds. 

Guidelines f o r  sampling f i s h  in i n l and  waters. European Inland Fish.  

Advi sory Comm. Tech. Pap. 33.  



Henderson, H. F.  1980. Some statistical considerations in r e l a t i o n  to 

sampling populat ions o f  f i shes .  Pages 167-176 - i n  T. Backiel and R. L. 

We1 cornme, eds.  Gujdel ines f o r  sarnpl ing f i s h  i n  S n l  and waters.  European 

I n l a n d  Fish. Advisory  Comm. Tech. Pap. 33,  

Hendricks, M. L . ,  C. H. Hocutt, J r . ,  and J. R. Stauffer, Jr. 1980. Monitoring 

of f i s h  i n  l o t i c  h a b i t a t s .  Pages 205-231 - i n  C. H. H o c u t t ,  J r . ,  and 

J. R .  Stauffer ,  J r . ,  eds. 1980. Biological  monitoring o f  f i s h .  

Lex ing ton  Books, Lexington, MA. 

Herke, W .  H. 1977. An easily made, durable f ish-measuring board. Prog. 
Fish-Cul t. 39:47-48. 

H o l d e n ,  A.  V .  1980. chernjcal methods.  Pages 97-104 - i n  T. B a c k i e l  and R .  L .  

We1 cornme, eds. Guide1 i nes f o r  sampl i ng f i sh i n  inland waters. European 

Inland F i s h .  Advisory Comm. Tech. Pap.  33.  

K e l l e r ,  C .  R . ,  and K. P .  Burnham. 1982. R i p a r i a n  fenc ing ,  g r a z i n g ,  and t r o u t  

hab i ta t  preference on Summit Creek, Idaho. N .  Am. J. o f  F ish .  Manage. 

2: 53-59. 

Lagler ,  K .  F. 1978. Capture, s a m p l i n g  and examination of f i s h e s .  Pager 7-47 

i n  T.  Bagenal ,  e d .  Methods f o r  assessment o f  f i s h  product ion i n  f r e s h  - 
waters .  3rd ed. 01 ackwe'l'l S c i e n t i f i c  Pub1 . , Oxford. IBP  Handb. 3. 

Lai rd ,  L. M., and B. Stott. 1978. Marketing and tagging.  Pages 84-100 3 T.  

Bagenal , ed. Methods f a r  assessment o f  f i s h  product ion in fresh water .  

3rd ed. Blackwell S c i e n t i f i c  Pub1 . , Oxford. IBP  Handb. 3 .  

Lane, E. W .  1947. Repor t  o f  t h e  subcommittee on sediment terminology. 

Trans. dm. Geophysical Union 28(6): 936-938, 



Langford, T. E. , and J. R .  D a f f e r n ,  1975. The emergence o f  i n s e c t s  from a 

B r i t i s h  R i v e r  warmed by power station coaling-water. P a r t  I. Hydro- 

b i o l o g i a  46:71-114. 

Lawrence, 3. M.  1956. PrelirnSnary results of the use o f  KMN04 to counteract 

the e f f e c t s  of rotenone. P r o j  . F i  sh-Cul t. lO(1): 15-21. 

Leopold, L. B., M. G. Wolman, and J .  P .  Miller. 1964. Fluvial processes i n  

geomorphology. W. H. Freeman and Co., San F r a n c i s c o .  522 pp .  

Lotspeich,  F. B . ,  and F. H. E v e r e s t .  1981. A new method f o r  r e p o r t i n g  and 

interpreting textural composition of spawning gravel.  U.S. For. Serv . ,  

P a c i f i c  Northwest For. Range Exp.  Stn.,  Res .  Note PNW-369. 11 pp. 

Lotspeich, F . ,  and B. Reid. 1980. A t rS-tube f reeze core procedure f o r  

sampling stream-gravel. Prog. Fish-Cult. 42:96-99. 

Lowe-McConnell, R.  H. 1978. I d e n t i f i c a t i o n  o f  f r e s h w a t e r  f i shes .  Pages 48-83 

i n  T .  Bagenal, e d .  Methods f o r  assessment o f  f i s h  production i n  f r e s h  - 
waters. Blackwell S c i e n t i f i c  Pub1 . , Oxford. 

blahon, R .  1980. Accuracy o f  catch-effort methods f o r  es t imat ing  f i s h  d e n s i t y  

and biomass i n  streams. Environmental 8701 ogy of Fishes 5(4) : 343-360. 

Mason, W .  T., Jr.  1978. Methods f o r  the  assessment and prediction o f  mineral 

m i n i n g  impacts on aquatic communities: a review and a n a l y s i s .  Workshop 

praceecli ngs. U . S . F i  sh W i  1 dl . Serv . FWS/OBS-78/30. 157 pp.  

Mason, W. T., C. I .  Weber, P .  A .  Lew is ,  and E. C ,  J u l i a n .  1973. Factors 

a f f e c t f n g  t h e  performance o f  basket and multiple macroinvertebrate 

samples. Freshwater Sio l  . 3: 409-436. 

McNei I ,  W. J. 1964. A method o f  measuring mortality o f  p i nk  salmon eggs and 

larvae. U.S. Fish  Vi ld l .  Serv.  F i s h .  B u l l .  631313575-588. 



McNeil, W. J., and W .  H. Ahnell. 1964. Success of p i n k  salmon spawning 

relative t o  s i r e  o f  spawning bed materials. U.S. F i s h  W i l d l .  S e r v .  

Special S c i  . Rep. 469.  15 p p .  

O t i s ,  D. L. ,  K .  P .  Burnham, G. C.  White, and D. R. Anderson.  1978. S t a t i s -  

tical i n f e r e n c e  f rom capture  d a t a  on closed animal populations. Wildlife 

Monograph 62 : 1-135. 

Pennak, R .  W. 1978. Freshwater i n v e r t e b r a t e s  o f  t h e  U n i t e d  S t a t e s .  John 

W i  l e y  & Sans, NY. 803 p p .  

Phillips, R. W . ,  C. L. Lantz, E. W .  C l a i r e ,  and J. R. Moring. 1975. Some 

effects o f  gravel mixtures on emergence o f  coho salmon and s t e e l h e a d  

trout f ry .  Trans.  Am. F i  sh. Soc. 105(3) : 461-465. 

Platts, W. S. 1974. Geomorphic and aquatic c o n d i t i o n s  i n f l u e n c i n g  salmonids 

and stream classification-with a p p l i c a t i o n  to ecosystem management. U . S .  

For .  S e r v .  , SEAM Program. 199 p p .  

P l a t t s ,  W .  S . ,  and V .  E. Penton. 1980. A new freezing technique f o r  s a m p l i n g  

salrnonid redds. U . S .  For. Serv. Intermountain For. Range Exp. Stn. Res. 

Pap.  INT-248. 22 pp.  

Platts, W. S., W. F. Megahan, and G. W. Minshall. 1983. Methods f o r  evaluat- 

ing stream riparian and b i o t i c  c o n d i t i o n s ,  U . S .  For. Serv. For. Range 

Exp. S t n . ,  Gen. Tech. Rep. INT-138. 70 p p .  

P l a t t s ,  W. S., M. A. Shirazi, and D. M .  L e w i s .  1979. Sediment particle s i z e s  

used by salmon f o r  spawning with methods for evaluation. U.S. Environ. 

Protection Agency, Corvallis, OR. 32 pp. 

Resh, V. H. 1979. Sampl2ng variabilfty and life h i s t o r y  f e a t u r e s :  bas ic  

considerations i n  the design o f  a q u a t i c  insect stud ies .  J. F ish .  Res. 

Board Can. 36:290-331. 



Ricker ,  W .  E. 1975. Computation and i n t e r p r e t a t i o n  o f  b i o l o g i c a l  s t a t i  s t i c s  

0 5  f i s h  populat ions.  Bull. Fish.  Res. Board Can. 191. 382 p p .  

R i n g l e r ,  N .  H. 1970. Effects o f  logging on t h e  spawning bed envjronment i n  

two Oregon c o a s t a l  streams. Oregon S t a t e  Univ. ,  Corvall i s .  96 pp. 

Seber, G. A .  F. 1973. The es t imat ion  o f  animal abundance. C h a r l e s  Griffin & 

Co . Ltd. , London. 506 pp . 

Seber, G .  A. F. 3982. The est imat ion  o f  animal abundance (second e d i t i o n ) .  

MacMillan, New York. 665 p p .  

Stalnaker, C.  B., and J .  1. A r n e t t e .  1976a. B a s i c  s t r e a m  flow measurements 

and r e l a t i o n s h i p s .  Pages 16-34 9 C. G. Stal naker and J .  h. Arnette, 

eds.  Methodologies f o r  the determination o f  stream resource f l o w  requ i re -  

ments: an assessment. U.S.  F ish  Wildl. S e r v . ,  Logan, UT. 

. 1976b. Methodologies for  determfni ng i nstrearn f l e w s  f o r  f i sh  

and other aquat tc  life. Pages 89-138 - i n  C. B. Stalnaker and J .  L. 

A r n e t t e ,  eds. Methodologies f o r  t h e  determination o f  stream resource 

flow requirements:  an assessment. U.S.  F i s h  W i  ldl . S e r v . ,  Logan, UT. 

Stevens,  H. H . ,  Jr . ,  J. F. Ficke ,  and G. F. Smoot.  1975. Water temperature-- 

infl u e n t i a l  f a c t o r s ,  fie1 d measurement, and data  reduct ion.  Techniques 

o f  water-resources i n v e s t i  g a t i  ons o f  t h e  U n i  ted States Geol ogical Survey. 

Book I ,  Chapter D l .  U.S. Geol . Surv.  65 pp. 

Tappe?, P .  D. 1981. A new method o f  relatlng spawning gravel compos i t i on  to 

salmonid embryo survival.  M . S .  Thes is ,  U n i v .  Idaho, Moscow. 53 p p .  

Traco J i  t c o ,  I n c .  1978. Qua? i ty assurance guide1 i n e s  for bf a1 ogical t e s t i n g .  

U.S.  Environ. P r o t e c t i o n  Agency, E n v i r o n .  M o n i t o r i n g  and Support Lab., 

Las Vegas, NU. EPA-600/4-78-043. 600 pp.  



U.S. Geological  Survey. 1977. N a t i o n a l  handbook o f  recommended methods for  

water-data acqui  s i  t i a n .  U. S. Geol . Surv. v .  p .  

Usinger, R .  L., ed. 1974. Aquatic insects o f  California. Univ,  California 

Press, Berkeley.  508 p p .  

Wal kot ten ,  W. J, 1976. An improved t e c h n i q u e  for  f r ee ze  samp l i ng  streambed 

sediments. U.S .  For. Serv . ,  P a c i f i c  N o r t h w e s t  For.  Range Exp. S t n . ,  Res. 

Note  PNW-281. 11 pp. 

Wal k o t t e n ,  W .  J. , and M. 0. B r y a n t .  1980. An i nstrurnent t o  measure s t r e a m  

channel gradient and prof i les .  Pac i f i c  Nor thwes t  For. Range Exp. Stn., 

Res. Note PNW-345. 5 pp .  

Weber, C. I . ,  ed. 1973. Rio log ica l  f i e l d  and laboratory methods f o r  measur ing  

the qua l i ty  o f  surface w a t e r s  and e f f l u e n t s .  U.S. Env i ron.  P r o t e c t i o n  

Agency, N a t l .  Env i ron.  Research Center. EPA-670/4-73-001. 190 pp.  

Wesche, T. A ,  1973. Parametric determination o f  minimum streamflow for 
t r o u t .  Univ .  Wyoming, Water Resour. Res. Inst., Lararnie. Water Resaur. 

Ser. 37.  102 pp .  

. 1974. Relatd o n s h i p  of di  rcharge reduct ions to ava i  1 a b l e  t r o u t  
habitat for recommending suitable streamflows. Univ.  o f  Wyoming, Water 

Resour. Res. I n r t . ,  Lararnie. Water Resour. Ser. 53. 7 1  pp. 

White, G. C., D. R .  Anderson, K .  P .  Burnham, and 13. L .  O t i s .  1982. Capture- 

recapture and removal methods for sarnpl i ng closed populations. Los 

Alamos N a t l .  Lab. Rep. LA-8787-NERP. 235 pp. 

Z i p p i n ,  C. 1958. The removal method o f  p o p u l a t i o n  e s t i m a t i o n .  J .  Wildl. 
Manage. Z2( 1) : 82-90. 



CHAPTER I V .  B A S I C  STATISTICAL AND STUDY DESIGN CONCEPTS 

B A S I C  TERMS 

Statistics refers to the science o f  organiz l 'ng  and sumrnarizi  ng sample 
data  f rom a popu la t ion  t o  develop i n f e r e n c e s .  A population, i n  t h e  bialogical 

context ,  i s  the  t o t a l  number of  a species i n  a s p e c i f i c  area; e . g . ,  t o t a l  

number of rainbow trout i n  a given watershed. For m o s t  practical purposes, i t  

j s  j rnpossible to measure a1 l individuals i n  a population to calculate descrip- 

t i v e  features o r  parameters. Estfrnates o f  the  parameters ( T a b l e  1 0 )  can be 

derj ved, however, by sarnpl i n g  t h e  p o p u l a t i o n  and applying sta t !  s t lca l  

procedures t o  the d a t a .  

Tab1 e 10. Parameters and t h e i r  statistical e s t i m a t o r s .  

Parameter Statistical estimator 

mean p 

variance a 2 

standard deviation a 



Measurement v a r i a b l e s  f o r  a statistical population can be e i t h e r  c o n t i  n- 

uous or d i s c r e t e .  Continuour v a r i a b l e s  are usual l y  measurements; e .g. , stream 

wid th  o r  water t empera tu re ,  which can be any va lue  w i t h i n  a range. D i s c r e t e  

varSables have a limited number o f  possible  values;  e - g . ,  count data (such a s  

numbers o f  F i s h  i n  a g i l l  net) o r  c l a s s i f i c a t i o n  values (such as s t a b l e  o r  

unstab le  stream banks).  

A s t a t i s t i c  computed to e s t i m a t e  a population parameter generally differs 

f rom sample to sample because o f  natural variabi 1 i t y .  However, s t a t i  s t i c a l  

methods can be used t o  make inferences about parameters f r o m  sample d a t a  w i t h  

def ined level s of s t a t i  stical  conf idence. Con f i dence  i s  di  scussed l a ter  i n  

t h i  s chapter.  

DESCRIPTIVE FEATURES 

Summary s t a t i s t i c s  are used t o  describe p r o p e r t i e s  o f  sample data .  The 

sample mean is one of several s t a t i s t i c s  used to describe c e n t r a l  tendency. 

The equat ion for the mean i s :  

where EXi = the sum o f  a1 1 the sample values  

n = the number o f  observat ions or sample s i z e  

As an example, let a sample o f  s i z e  15 ( e . g . ,  f i s h  l engths  rounded t o  c e n t i -  

meters) ,  recorded i n  ascending order, be 6, 8, 9, 10, 11, 11, 11, 12, 12, 13, 

13, 14, 16, 20, and 22. The mean o f  these v a l u e s  i s :  



Th i s  same sample o f  15 values i s  used below t o  illustrate o t h e r  s t a t i s t i c a l  

procedures. 

The sample median i s t h e  value  that d i v i d e s  arranged data (va lues  arranged 

from the  lowest  t o  t h e  h ighest )  i n t o  t w o  equal p a r t s .  That  i s ,  h a l f  o f  t h e  

va lues  i n  the a r r a y  exceed the  medjan, and h a l f  a re  l e s s  than t h e  median. 

When t h e r e  are an odd number o f  observat ions (n]  i n  an a r r a y ,  t h e  median i s  

simply t h e  mth value i n  t h e  sequence, where rn = (n+1)/2. When t h e  sample s i z e  

i s  even, t h e  median js t h e  average  o f  t h e  two c e n t r a l  most values: Xm and 

Xm+l ' where m = n/2. 

In t h e  above example, n = 15, rn = 16/2 = 8, and X8  = 12 i s  t h e  median. 

If n = 14 because XI5 = 22 was n o t  recorded,  t h e  median would be computed a s :  

The sample mode i s  t h e  va lue represented by t h e  g r e a t e s t  number o f  i n d i -  

vidual observat ions i n  a sample. On a frequency curve, i t  i s  t h e  value of the 

v a r i a b l e  where the  peak o f  t h e  curve occurs .  I n  t h e  above sample, t h e  value  
11 occurs m o s t  f r e q u e n t l y  (X5 = X6 = X, = 11) and i s  the sample mode. I n  t h i s  

example, t he  mean, median, and mode are close t o  each other,  b u t  no t  i d e n t i c a l .  

T h i s  i s  o f t e n  the case .  The mean, median, and mode of  a hypothe t ica l  s e t  o f  

data are illustrated i n  Figure 7.  

Far some types o f  data; e .  g .  , 1 ognormal ( a  skewed d i  s t r l b u t i o n )  or annual 

s u r v i v a l  r a t e s  over a per iod  o f  years, the geometric mean i s  more appropr ia te  

f o r  descr ib ing  t h e  c e n t r a l  tendency than i s  t h e  a r i t h m e t i c  mean. The geometric 

mean o f  n  numberr is def ined by: 



Figure 7 .  A frequency distribution (skewed t o  the t i g h t )  i n d i c a t i n g  
the l oca t ion  o f  the  mean, median, and mode. These values relate to the 
central tendency for a data s e t .  



which -1s the product o f  t h e  numbers raised to t he  power l / n .  The recommended 

ca fc r r Ia t ion  to o b t a i n  a geornetrtc mean 45 t o  take the l o g  o f  each sample 
va lue ,  compute t h e  a r i t h m e t i c  mean o f  these logs, and t h e n  take  the  antilog o f  

t h i s  a r i t h m e t i c  mean : 

The l o g s ,  to base 10, f o r  t h e  above 15 sample values are  0 .7782,  0.9031, 

0.9542,  1.0,  1.0414, 1.0414, 1.0414, 1.0792, 1.0792, 1.1139, 1.1139, 1.1461, 

1.2041, 1.3010, and 1.3424.  The mean o f  these l o g s  i s  X = 1 . 0 7 6 0 .  The 

geometric mean o f  the  original  sample is: 

- x = anti log (x) = 10 = 10 1.0760 = 11.9 
X51 

(Note :  The geornetrlc mean can only be computed i f  a l l  sample values are 
greater than zero). 

Just as the mean, median, and geometric mean are used t o  describe t he  

central tendency fo r  a set o f  d a t a ,  other s t a t i s t i c s  can be used to describe 

the variat ion o r  scatter i n  t h e  sample values. The range, which i s  s i m p l y  the 

di f ference between t h e  highest  and lowes t  sample v a l u e s ,  i s  an e s t i m a t e  of t he  

variation o f  va lues  j n  a sample. (In t h e  above example, the range i s  

22 - 6 = 16.0.) Because i t  i s  based only on the two most  extreme values,  the  

range does n a t  i n d i c a t e  the  average v a r i a t i o n  among the sample values. 



The sample standard d e v i a t i o n  ( 5 )  i s  t h e  s t a t i s t i c  typically used t o  

describe the average variation among the sample va l  ues: 

Except f o r  t he  divisor be ing  n-1 rather than n ,  s i s  t h e  square root of  the 

average squared deviation o f  each va lue  from the sample mean. Computat ion o f  

the sample standard d e v i a t i o n  by application o f  the above equat ion i s  tedious 

even f o r  a moderate number o f  o b s e r v a t i o n s .  Use o f  an alternative formula 

requires computat ion o f  only t h e  sum o f  the sample values ( c X )  and the sum o f  
2 

the  squared sample values ( Z X  ) :  

2 2 In the example be ing  used here, EXi = nx = 186 and E ( x ~ ) '  = 6 + 8 + . . . + 

2z2 = 36 + 64 + . . . + 484 = 2606. Hence, for  t h i  s sarnpl e : 

When the sample mean is used to est imate  t h e  population mean (p), t h e  precision 

o f  t h i s  es t imate  depends on both the sample s i z e  and the innate sampling 

variation i n  t h e  population, as estimated by t h e  standard d e v i a t i o n ,  s .  The 

sampl ing  var iance o f  f i s  estimated as: 



The square root o f  t h i s  va r iance  i s  an often needed quantity i n  s t a t i s t i c a l  

inference. It i s  c a l l e d  the  standard error o f  t h e  mean to d i s t i n g u i s h  i t  from 

t h e  standard deviation; i . e . ,  s e ( 1 )  = s / 6  (see,  e . g . ,  Tacha e t  a1 . 1982).  
For the current example, se(y) = 4 . 6 3 / f i  = 1.20. 

The re la t ive  v a r i a t l o n  among t h e  sample values i s  o f t e n  described by t h e  

sample c o e f f i c i e n t  o f  v a r i a t i o n ,  cv ,  which i s  t h e  sample standard deviatjon 

expressed as a percentage o f  t h e  sample mean: 

The c o e f f i c i e n t  o f  v a r i a t i o n  i s  usually reported on a percent b a s i s ;  i . e . ,  

percent cv = 100s/x. In t h e  example, cv = 4.63/12.4 = 0.3734 or,  as  a percent, 

37.3%. 

The sample mean and standard deviata on provide '"point" estimates o f  t h e  

corresponding popula t ion  parameters. I n  a d d i t i o n  t o  such p o i n t  e s t i m a t e s ,  i t  

i s  u s e f u l  t o  have " i n t e r v a l "  est imates;  i . e . ,  an i n t e r v a l  such t h a t  t h e  t r u e  

parameter f a l l s  inside the interva l  w i t h  a known probability. One easily 

computed type o f  interval 5 s confidence i n t e r v a l  s .  A confidence i nteryal  t a n  

be c a l c u l a t e d  f o r  most  pepu la t lon  parameters est imated by a statistic. For 

example, t h e  interval f o r  a population mean ( 1 ~ )  f o r  normally distributed data 

i s  expressed as: 



there ta, "-1 = the tabular v a l u e  f o r  t h e  t s t a t i s t i c  

a = 1 - t h e  conf idence l e v e l ;  e . g . ,  1 - 0.95 = 0.05 

n = number o f  o b s e r v a t i o n s  i n  t h e  sample ( t h e  sample s i r e )  

n-1 = degrees o f  freedom f o r  t h e  t s t a t i s t i c  
- 

s e ( x )  = standard error o f  t h e  mean, X 

By s e l e c t i n g  a 95% conf idence level  , a user  can concl ude, w i t h  95% conf idence,  

t ha t  t h e  unknown v a l u e  o f  p i s  between the  lower  [ j  - t,,n-l - se(X)] and t h e  

upper [ X  + t,,n-l s e ( j ) ]  computed c o n f i d e n c e  1 i m i  t s .  

Methods f o r  comput ing  conf idence i n t e r v a l  s are i n c l  uded i n  most s t a t i  s- 

t i c a l  t e x t s ,  i n c l  ud i  ng Snodecor and Cechran (1967). 

Computa t iona l  methods f o r  d e s c r i p t i v e  s t a t i s t i c s  discussed i n  t h i s  sec t ion  

a r e  demonst ra ted  i n  Example 1 l a t e r  in t h i s  chapter. 

FREQUENCY DISTRIBUTIONS 

The bas ic  paradjgm of s t a t 1  s t i c s  i s  t h a t  sample data  can be described 

(modeled) by probab i l i t y  (frequency) d i s t r i b u t i o n s .  Most  d a t a  a n a l y s i s  methods 

make some assumptions about t h e  type, o r  properties ,  o f  t h e  p r o b a b i l i t y  model 

t h a t  descr ibes ( f i t s )  t h e  data. I f  these  assumpt ions are wrong, t h e  results  

o f  t h e  a n a l y s i s  may be mis leading.  Consequently, i t  i s  important t o  know what 

d i  s t r j  bu t i on  describes the data. The d i s t r i b u t i o n  can be d e t e r m i n e d  on three 

types o f  i n fo r rna t i en :  (1) t h e o r e t i c a l  cons idera t ions  (no t  usual  Iy very appl ic- 

a b l e  i n  env l  r onmen ta l  work) ; (2) p a s t  expe r ience ;  and (3) empirical exarni n a t i o n  

o f  t h e  p r e s e n t  da ta ,  especially p l o t t i n g  it. 

When samples are obtained from a population, t h e  data  should be summarized 

graphical ly t o  determine t h e  appl i cab1 e type of probabi 1 i ty d i  str ibutf  on 

(F ig .  8). Commonly used mode'ts f o r  d i s c r e t e  o r  c o u n t  da ta  a r e  t h e  p o s i t i v e  



Normal distribution 

skewed t o  l e f t  skewed t o  r i g h t  
negati ve b i  nomi a1 , Lognormal d i  stri b u t i  on 

Poisson distribution 

Figure 8. Types o f  frequency d i s t r i b u t i o n s  and t h e i r  p l o t s  on normal 
probability paper. The cont inuous curves under t h e  upper p l o t s  f o r  each 
example represent a d l  s t r i  bu t i  on befare p l o t t i n g  on normal probabi 1 i t y  
paper ( a f t e r  Sokal and Roh l f  1969). A p o s i t i v e  binomial d i s t r i b u t i o n  
w i t h  a large sample sine ( n )  would resemble  a normal  d i s t r i b u t i o n .  



b inomia l ,  t h e  n e g a t i v e  b i n o m i a l ,  and t h e  Po isson d i s t r i b u t i o n s .  E x p l a n a t i o n s  

o f  t h e s e  d i s t r i b u t i o n s  and s t a t i  s t f  cal appl  i c a t i o n s  a r e  c o n t a i n e d  i n  many 

bas ic  s t a t i s t i c s  t e x t s ;  e .g .  , Snedecor and Cochran (1967) and El 1  j o t  (1977). 

The normal d i s t r i b u t i o n  i s  p r o b a b l y  t h e  most  w i d e l y  used (and, u n f o r -  

t u n a t e l  y ,  t h e  most  widely abused) model f o r  c o n t i n u o u s  measurement v a r i a b l e s .  

The normal d i  s t r i  b u t i  on, col 1 o q u i a l  ly descr ibed as  t he  be1 1 -curve,  i s com- 

p l e t e l y  determined by the mean ( ~ 1  and standard deviation ( o )  of t h e  popula- 

t i o n .  F i g u r e  9 i 1 lust ra tes  a normal f r equency  curve.  A s  i nd i ca ted  i n  

F igure 9, on t h e  average, 68.3% o f  the sample va lues  will be w i t h i n  5 la o f  

the  mean, and 99.7% w i  11 be w i t h i n  k 30 o f  the  mean. For sample data from a 
- 

normally d i s t r i b u t e d  p o p u l a t i o n ,  X i s  s u b s t i t u t e d  f o r  v, and s i s  s u b s t i t u t e d  

f o r  o .  Severa l  nonnormal frequency d i s t r i b u t i o n s  have been p o s t u l a t e d  f a r  

appl i c a t i o n  to c o n t i  nuous da ta  (Johnson and K o t z  1970a, b )  . The 1  ognormal 

d i s t r i b u t i o n  ( F i g .  10) has appl  icabi  1 i t y  to parametric tests because, when the 

d a t a  are t r a n s f o r m e d  by l o g a r i t h m s ,  they have a normal d i s t r i b u t i o n .  F o r  many 

v a r i a b l e s ,  such as f i s h  w e i g h t  o r  l eng th ,  t h e  lognormal  d i s t r i b u t i o n  may be a 

more reasonab le  model than the normal d i  s t r i  b u t i  on. The 1 ognormal d i  s t r i  b u t i o n  

has a l s o  been used t o  model d i s c r e t e  variables, such as  counts o f  f i s h  or 

spec ies  abundance (P ie1  ou 1 9 7 5 ) .  Some exarnpl es o f  s t a t i s t i c a l  computa t ions  

are as follows. 

Example 1 

Problem: I n  a s t ream m o n i t o r i n g  study, t h e  f o l  l o w j n g  20 tempera tu res  C ° C )  

were taken  i n  t he  managed s i t e .  

G i v e  t h e  d e s c r i p t i v e  s t a t i s t i c s  f o r  t h e s e  d a t a ,  assuming no da ta  t r a n s -  

f o r m a t i o n  is necessary or desired. 



Figure 9. A normal distribution. 



Figure 10. A lognormal d i s t r i b u t i o n .  





7. The standard error o f  t h e  mean i s :  

8. Confidence limits f o r  the true population mean, IJ 

(L  = lower l i m i t ,  U = upper l i m i t ) :  

L e t  a = 0.05, wh ich  corresponds t o  a 95% conf idence level. 

t0.05,9 = 2.262, and 

U = 9.95 + (2.262)(0.444) = 10.95 

Therefore, 8.95 < K 10.95 is t h e  95% conf idence interval. 

Problem: The same d a t a  are  used as i n  example 1, but  a lognormal d i s t r i b u t i o n  

i s  assumed. The appropriate a n a l y s i s  in this case is to transform 

each datum X t o  log(X)  (base 10 will suf f - ice) ,  do t h e  same s t a t i s -  

t i c a l  analyses,  and back-transform appropr ia te  est imates ( i t  i s n o t  

appropriate t o  b a c k - t r a n s f  arm var iances ,  standard d e v i a t i o n s ,  or 
standard errors). 

The log(X) data are 



I .  T h e m e a n o f  t h e s e l o g s i s :  

The a n t i l o g  o f  t h i s  v a l u e  i s  the geometr ic  mean : 
9 

- 
X = antilog (0:9938) = 9.86 
9 

Compare t h i s  value t o  t h e  arithmetic mean o f  9.95. 

Note t h a t  t h e  geometric mean i s  less than t h e  ari thmetic mean. T h i s  
wi 11 always be true. 

2. The median I s :  

Back-transforming, 10 = a n t i  1 og (1). In g e n e r a l ,  the median 
computed t h i s  way does n o t  necessarily equal t he  median o f  t h e  
untransformed data. 

3. The mode i s :  

Transformations do n o t  change t h e  est imate  o f  the mode. 

4.  The range of the t rans fo rmed  data (1.0792 - 0.9031 = 0.1761)  can be 
computed, b u t  should not be back-transformed because i t does n o t  
produce a v a l i d  estimate o f  range for  the untransformed data .  

5. The standard d e v i a t i o n  o f  the  log(X1 d a t a  i s  needed to compute a 
confidence interval on p: 



s2 = 0 -003944 or 

s = 0.06280 

6. The standard error o f  t h e  mean o f  t h e  log(X) values is: 

7. TQ ob ta in  a 95% confidence l i m i t  on t h e  true population mean, u ,  
f i r s t  compute the mean from the  transformed d a t a ,  t h e n  back 
transform t h e  resul tant  lower and upper 1 i m i t s .  U s i n g  a = 0.05, 

hence '0.05,9 = 2.262, compute upper and lower 1 i m i t s  w i t h  the  

transformed d a t a :  

L = log(X) - 2.262 se(log(X)) 

L = 0.9938 - 2.262(0.01986) = 0.9489 

S i m i  l a r l y ,  

U = 0.9938 * 2.262(0.01986) = 1.0387 

Now back t r a n s f o r m  ba th  1 i m i t s  by t h e  a n t i l o g :  

= an t f  log(t) = 10 m9489 = 8.89 

Therefore ,  8.89 < p < 10.93 i s  t he  95% confidence interval when 
proper analysis requfres a log t r a n s f o r m a t i o n .  

STATIST ICAL  TESTING 

Hypothes is  t e s t i n g  i s  an i m p o r t a n t  f a c e t  of statistical analys is .  A 

hypothes is  i s  generally a statement about one o r  more parameters t h a t  needs t o  

be t e s t e d .  For example, a f i e l d  b i o l o g i s t  m i g h t  hypothes ize t h a t  f i s h  under 



p a r t i c u l a r  environmental conditions are  not a f f e c t e d  by a new management 

p rac t i ce .  S t a t i s t l c a l  t e s t s  could be based on mean weights (y) of samples 

from the population. The hypothesis could be t h a t  the mean weight  o f  f j s h  i n  

a managed area i s  equal t o  t he  mean weight  j n  a control a r e a ;  symbolically, 

t h e  null hypothesis i s  H o : ~ l  = ", The symbol vI represents the t r u e  papula- 

t i o n  mean f o r  the managed area ;  y, corresponds t o  the true mean f o r  t he  c o n t r o l  
L 

area. These means are estimated by and X2, respectively. The n u l l  

hypothesis i s  e i ther  rejected o r  f a i l s  t o  be re jec ted ( i n  whlch case i t  I s  

t e n t a t i v e l y  accepted), depend ing en the results o f  the appropr ia te  s t a t i  s t i c a l  

t e s t .  

The a1 t e rna t ive  hypothesis,  denoted by Ha, should be e i t he r  v1 # p2, pl > 

9 ,  o r  p1 e p2. The three  a l t e r n a t i v e  hypotheses represent s i t u a t i o n s  where 

the mean w e i g h t s  for  the two zones are d i f f e r e n t ,  the mean weight i s  grea te r  

in the  managed zone, and the  mean weight i s  l ess  in the  managed zone, respec- 

t i v e l y .  To t e s t  the null hypothesis, a s i g n i f i c a n c e  level Zs designated; 

e . g . ,  0.05. S ign i f i cance  re fe r s  t o  the probabil i ty of re jec t ing the null 

hypothes is ,  Ho, when St i s  true. A significance level o f  0.05 means tha t ,  if 

Ho i s  re jec ted,  there i s  a 95% confidence t ha t  t h e  r e j ec t ion  i s  correct .  An 

appropriate s t a t i  s t i c a l  analysis  f o r  t e s t i n g  t h e  nu1 l hypothes is  agaf nst t h e  

al ternat ive  hypothesis m u s t  be selected, along w i t h  the s i g n f f i c a n c e  level .  
Acceptance or rejection o f  the nu1 1 hypothesis i s  determined by compar ing the  

computed test va lue ,  e . g . ,  a t-value,  a g a i n s t  a cr-l t ical  v a l v e  ( F i g .  11) 

determined by t h e  theoretical sampl i ng d i s t r i  b u t i a n  o f  t h e  t e s t  s t a t i s t i c s  

{see White et a1 . 198Z:Chapter 2 ) .  

- For example, suppose t h e  null hypothesis Ho: u1 - p2 versus Ha: vl # p2 

i s  t o  be tes ted  u s i n g  a t-test, and the designated s i g n i f i c a n c e  level i s  0 .05  

(denoted a s  a ) .  This would be a " two- ta i  led" test and a s t a t i s t i c a l  t ab le  

would be used t o  f ind the c r i t i c a l  (i . e m ,  rejection-level ) t-val ue f a r  t h e  

appropriate degrees o f  freedom (df)  . Suppose t h i s  tabu1 a r  value i s  2 2.07 f o r  

ta /2  ,df and the computed t e s t  s t a t i s t i c  value i s  2.78. Because t h e  t e s t  

s t a t i s t i c  is  g r e a t e r  than 2.07, t h e  null hypothesis j s  rejected w i t h  95% 

conffdence t h a t  t h e  t rue  population means are  unequal. 



A. Acceptance and rejection 
r e g i o n s  fo r  a computed 

- t-value for Ho: 
pl - u2 

versus Ha: v1 f 9. a 
'kwo- ta C 1 ed" t e s t  . 

B. Acceptance and rejection 
reglons for a t - t e s t  for 
Ho: p1 = p2 versus 

Ha: v1 > 9, a "one- 

t a i  1 ed" test. 

C. Acceptance and r e j e c t i o n  
regions f o r  a t - t e s t  f o r  
Ho: p1 = versus 

Ha: 3 uY2,  a 'one- 
t a i  1 ed" test. 

F i g u r e  11. R e j e c t i o n  and acceptance reg ions  f o r  comparing a n u l l  
versus an a1 t e r n a t i  ve hypothesis. Crit ica l  r e j e c t i o n  regions ( t h e  
"tai 1 s" o f  t h e  d i  s t r i b u t i a n  curve) conta in  s lash  marks. Computed 
values f o r  data are compared to t a b l e  values .  



Two types o f  errors are possible when a hypothesis is tested. The first 

type (Type I) i s  r e j e c t i n g  the null hypothesis when i t  I s  true; the second 

t y p e  (Type 11) I s  fail f ng to re ject  t h e  n u l l  hypothesis when i t  i s  false .  

When a 0.05 a-level is stipulated and the null hypothesis i s  rejected, an 

asteri sk (*) 5 s o f t e n  used to denote  this s i g n i  f lcance 1 eve1 . The computed 

statistic can usually be compared a g a i n s t  tabular values f o r  a = 0.01(**) and 

a = 0.001(***), as  well as  f o r  a = 0.05. The probability of a Type I error j s  

always a, t h e  level of significance. An a of 0.05 represents one chance in 20 

that failure t o  reject  t h e  null hypothesis i s  wrong. The chances of making a 

Type I error  increases as the a value increases. 

The probability o f  a Type I1 error, often denoted by &, i s  a f u n c t i o n  o f :  

(1) the choice of a; (2) the s t a t f  stical test used (given the choice o f  a ) ;  

(3) t h e  d i f f e r e n c e  between t h e  true parameter value and t h e  hypothesized 

parameter value; and ( 4 )  the number of observatjons (sample s ize ) .  The power 

(o r  sensi t iv i ty )  of a statistical test i s  the probability o f  r e j e c t i n g  the  

null hypothesis when it is, in  f ac t ,  false;  thus,  power i s  1-B; i r e . ,  u n i t y  

minus t h e  probability o f  a Type I1 error. When the true parameter v a l u e  is 

greatly d i f f e r e n t  than  t h e  hypothesized value ,  t h e  test chosen should have a 

veyy h igh  probability o f  d e t e c t i n g  t h i s  d i f f e r e n c e ;  i . e . ,  have a h igh  power. 

The "standard" statistical t e s t s  ( e .  g . , t-test and F-test) have t h i s  property 

when certain assumpttons, such as normality, are met. The power o f  a statis- 

tical test decreases drastically when parameter values for t h e  nu71 and t h e  

a1 t e r n a t i  ve  hypothesi 5 are close together because o f  t he  difficulty i n  

differentiating between t h e  hypotheses w i t h  a statjstical t e s t  (Soka l  and 

Rohl f  1969). The sample s i z e  mus t  be increased to increase t h e  power of a 
given t e s t  ( o r  decrease 13) while keeping a c o n s t a n t  for a sta ted  null 
hypothes i s .  However, w i t h  r e s p e c t  to sample size, a bigger sample does n o t  

necessarily mean a substantially "better" test because t h e  power o f  most 

s t a t i s t i c a l  t e s t s  is a complex f unc t i on  o f  severa l  f a c t o r s ,  i n c l u d i n g  sample 

s i z e .  Power can a l s o  be increased by changing the na tu re  o f  the t e s t ,  usually 

through better study des ign .  In f a c t ,  use o f  a good s tudy  design 1 s t h e  m o s t  

e f f i c i e n t  way t o  i n c r e a s e  the power o f  these statistical t e s t s .  



I n  summary, t h e  idea?  s t a t i  s t i c a l  t e s t  has a small probabi 1 i ty o f  reject-  

i n g  the nu1 1 hypothesis when i t  i s  t r u e  and a large probabi 1 i t y  o f  r e j e c t i n g  

i t  when i t  f s  false ( E l l i o t  1977). Hypotheses a r e  t e s t e d  t o  determine .If the  

values obta ined  f rom two or more s i t e s  (control and managed) are from t h e  same 

s t a t i  s t i c a l  p o p u l a t i o n  o r  f r o m  d i f f e r e n t  s t a t i  s t i c a l  populat ions.  Two types 

o f  errors can be made, Type I and Type 11. Because i t  i r  always possible 

(though h i g h l y  improbable)  tha t  a h igh ly  dev iant  t e s t  value could be obtained 

by chance even when Ho i s  t r u e ,  a s t a t i s t i c a l  t e s t  never proves t h a t  a p a r t i c -  

ular n u l l  hypothesis i s  f a l s e  ( E l l i o t  1977). Similarly, r e j e c t i o n  o f  the  n u l l  

hypothesis does n o t  prove t h a t  the  a l t e r n a t i v e  hypothesis i s  t rue;  It only 

prov ides  good evidence t h a t  i t  i s  true. F i n a l l y ,  fai lure t o  reject Ho does 

n o t  prove t h a t  Ho i s  true. 

The precess o f  hypothesis t e s t i n g  i s  basic t o  a l l  areas o f  science and 

can be summarized as f o l l o w s :  

1. Formulate t h e  nu1 1 and a1 ternative hypotheses, Ho and Ha. 

2. Specify the s i g n i f i c a n c e  level  a9. 

3.  Determine the s t a t 1  r t i c a l  tes t  to be used. 

4. Determine the F'rejection region"  for t h e  t e s t .  

5 .  Ca lcu la te  the t e s t  s t a t i s t i c .  

6. Rejec t  o r  accept t h e  n u l l  hypothesis depending on the  numerical 

va lue o f  t h e  computed t e s t  s t a t i s t i c  r e l a t i v e  t o  t h e  t h e o r e t i c a l  

rejection region. 

'Most a values used f o r  computat ions i n  t h i s  manual are a= 0.05. However, 
other a v a l u e s  can be s e l e c t e d  f o r  these t e s t s .  



Th i s  general  procedure i s  f e l  lowed i n  t h e  examples g i v e n  i n  Chapter V .  
(For  more exp lana t ion  of parametric t e s t i n g  i n  a biological context ,  see White 

e t  a1 . 1982:Chapter 2.1  

PARAMETRIC AND NONPARAMETRIC TESTS 

Two types o f  s ta t i s t i ca l  t e s t s  are discussed i n  t h i s  manual : parametric 
and nonparametrfc (d i  scussed b r i e f l y ) .  Pararnetrjc t e s t s ,  as t h e  name imp1 i e s ,  

require c e r t a i n  assumptions about popula t f  en parameters. Conversely, nonpara- 

met r ic  t e s t s  a r e  no t  dependent on a g iven  paramet r ic  d i s t r i b u t i o n  and, thus, 

are  d i  s t r i b u t i o n - f  ree tests (Sokal and Rohl f 1969). Nonparametric t e s t s  a re  

o f t e n  easf er t o  compute than parametric tests but generally have l e s s  power. 

Parametric t e s t s  make maximum use of a1 1 the  In format ion  t h a t  i s  inherent  i n  

the  da ta  when t h e  necessary assumptions are  met .  

Nonparametric procedures are a p p r o p r i a t e  i n  the ~ f o l l  owing s i t u a t i o n s :  

1. T h e h y p o t h e s i s t o b e t e s t e d d o e s n o t i n v o l v e a p o p u l a t i o n  parameter. 

2. The da ta  have been measured i n  some way o ther  than t h a t  requlred f o r  

t h e  parametric procedure t h a t  would otherwi se be appropriate. For 

example, count o r  rank data may be ava i  1 able,  p rec lud ing  t h e  use o f  

an otherwise appropriate parametric procedure t h a t  requires con t i n -  

uous data .  

3 .  The assumptSons necessary f o r  the v a l i d  use o f  a parametric procedure 

are  n o t  met. I n  many instances, the design o f  a research projec t  

may suggest a c e r t a i n  parametpi c procedure. Exam1 n a t i o n  o f  the  

data ,  however, may reveal t h a t  one or more assumption$ under ly ing  

the t e s t  are n o t  met. In thls s i t u a t i o n ,  a nonparametric procedure 
i s  frequently t h e  best  a l t e r n a t i v e .  



4 .  R e s u l t s  a r e  needed in a hurry and c a l c u l a t i o n s  must be done by hand, 

so t e s t s  t h a t  a r e  e a s i l y  calculated are necessary. 

The a s s u m p t i o n s  t h a t  need t o  be met for  c l a s s i c a l  paramet r ic  t e s t s  (such 

a s  the t - t e s t  a n d  var ious  analyses o f  varfance; i . e . ,  the F-test) a r e  (S iege1 

1956) : 

I .  The o b s e r v a t i o n s  must be i d e p e n d e n t ;  i . e . ,  randomly obtained; 

2. The observat ions must  be drawn from normally d i s t r i b u t e d  popula-  

t i o n s ;  and 

3. These populations must have the same variances: homogeneity o f  

var iances ( s e e  F i g .  12) or hornoscedast ic i ty  ( o r ,  i n  special  cases, 

they must  have a known r a t i o  o f  var iances) .  

The bas i c  assumpt ion o f  a l l  parametr ic  tests i s  t h a t  sampling o f  i n d i v i d -  

u a l s  i s  random ( t h i s  does n o t  mean haphazard). Nonrandomness o f  sample 

s e l e c t i o n  may be r e f l e c t e d  i n  l a c k  o f  independence o f  t h e  sample i t e m s ,  in 

heterogeneity of var iances (i . e ,  , d i f f e r e n t  variances f o r  contra1 vs .  treatment 

s i t e s )  , or nannorrnal d i  s t r i  but1  on o f  t h e  data.  

Before proceeding w i t h  a parametr ic  t e s t ,  i t  should be determined i f  the 

assumptions are reasonable,  and verification t e s t s  should be conducted (Sokal 

and Rohl f 1969). Severa l  methods are ava i l ab l e  to t e s t  these assumptions; t h e  

less complex t e s t s  a r e  presented i n  t h i s  manual. Al though many parametr ic  

s t a t i s t i c a l  methods are  n o t  greatly a f f e c t e d  by small depa r tu re s  f r o m  

normali ty ,  a major v l a l a t i o n  o f  the required assumption of normali ty  may 

render any s t a t i  s t i c a l  i n f e r e n c e  based on t h e  sample data a?  most meaningless. 



Figure 12. Graphic demons t ra t i on  o f  homogeneity o f  
var iance .  Means are d i f f e r e n t  but shapes o f  d i s t r i -  
bu t i on  are similar (Huntsberger 1967). 



Four common methods for t e s t i n g  t h e  assumpt ion o f  n o r m a l i t y  are: 

1. The graphic method; 

2. The chi-square goodness-of-fit test; 

4. The Kolmogorv-Smirnov test ( n  > 50). 

The g r a p h i c  method, which i n v o l v e s  plotting t h e  d a t a  on normal probabil i; ty  

paper, i s  used for demonstration purposes i n  t h i s  t e x t .  When there are i nd ica-  

t i o n s  that t h e  data are no; normally distributed, e . g . ,  a s t r a i g h t  line is not 

appropriate for the d a t a  points, a transformation o f  the data  should be 

attempted (Table  11). For example, i f  t h e  data  are p l o t t e d  i n  a h is togram and 

t h e  distribution appears to be lognormal (Fig. l o ) ,  then t h e  individual values 

in t h e  data  set should be converted to logarithms and replotted on normal 

probabi 1 i ty paper.  This transformation usual  ly results i m normal i ty, which 

permits appl  i c a t i  on o f  parametric tests. 

Another approach to testing t h e  appropr ia teness  o f  a 1 og transformation 

i s  to plot t h e  data on lognormal probability paper. If  a straight line can be 

plotted through t h e  d a t a  points , the log-transformation i s a p p r o p r j a t e ,  and 

the normal probability plot t e s t  i s  unnecessary. Methods of  t e s t i n g  f o r  

normality t h a t  are more quantitative are described i n  standard statistical 

references, incl uding Snedecor and Cochran (1967) and Sokal and Rohl f (1969). 

The assumpti on for homogeneity o f  variance (Fig.  12), o f t e n  necessary 

when m u l t i p l e  d a t a  sets  are beSng compared, can be preliminarily t e s t e d  by t h e  

normal probability p l o t  approach. If t h e  1 i n e s  for t h e  d i f f e r e n t  data sets  

are paral 1 el, t he  variances are homogeneous. If the  1 agnarmal probabi 1 i ty 

plot approach is used and the l i n e s  are paral l e l ,  i t  i s  a positive test f o r  

homogeneity o f  var iance for 1 ognorrnal data. 





The F-test can be used t o  q u a n t i t a t i v e l y  t e s t  f o r  homogeneity of variance 

for t w o  sample s e t s  ( e .  g . ,  c o n t r o l  vs .  t rea tment  data) for t h e  hypothesi  s Ho: 

2 - 2 
=1 - versus Ha: o1 # a2'. Homogeneity f o r  more than two sets  o f  data  

can be tested w i t h  Bart1 e t t  ' s t e s t  Sokal  and Rohl f 1969). 

I f  t h e  assumpt ions f o r  p a r a m e t r i c  t e s t s  are not reasonab ly  met ,  then two 

b a s i c  choices remain: t r a n s f o r m  t h e  d a t a  a s  prevjously d i s c u s s e d  o r  use a 

nonparametri c t e s t .  Fortunately, a s ing1  e transfermati en w i  11 of ten s i m u l  t a -  

neously s o l v e  several departures f r o m  t h e  assumpt ions (Table 11 and see Sokal 

and Rohlf 1969). F o r  the l o g a r i t h m i c  transformation, i f  t he  data  set contains 

zeros, use l o g t x  + 1). When a transformation i s  done, t e s t s  o f  s i g n i f i c a n c e  

are per fo rmed  on the t r a n s f o r m e d  data,  a1 though estimates o f  means (and c o n f i -  

dence intervals) are u s u a l l y  back-transformed i n  order t o  be presented i n  t he  

vnt rans f  ormed scale (Sokal and Rohl  f 1969). 

The statistical tests selected for use i n  a m o n i t o r i n g  program depend on 

t he  exper imen ta l  des ign  and t h e  characterist ics  of the d a t a .  The f i r s t  con- 

s i d e r a t i o n  i n  choes jng  t h e  statistical t e s t  to be used f s  the type o f  data  

obtained f o r  the varjable .  If the data  are cont inuous (Table  121, i . e . ,  when 

va lues can assume any v a l u e  w i t h i n  a g iven  range,  the choice o f  the t e s t  

depends on t h e  study design, i n c l u d i n g  t h e  number o f  factors  and t h e  number o f  

rep1 icates .  If t h e  da ta  are d i  screte,  bu t  can be considered continuous because 

of the wlde range of values t h a t  can be assumed, t he  da ta  a r e  t r e a t e d  as i f  

they  were c o n t i  nous (Tabl e 12). 

In situations where a percentage i s  used t h a t  can range f rom 0 t o  100%, 

t he  data can be treated as i f  they  are cont inuous measurement data.  Discrete 

da ta  that cannot be considered cont inuous,  such a s  ranks on a small scale  

( e . g . ,  0, 1, 2, o r  3) o r  count data ( e . g . ,  f i sh  r e l a t i v e  abundance), are 
ana lyzed  u s i n g  a con t ingency  t a b l e .  When t he  o b j e c t i v e  o f  t h e  study i s  t o  

f i n d  t he  re1 a t i o n s h i p  between v a r i a b l e s ,  regression or correl a t l o n  analysi s i s 

needed. Guidance fo r  determining whether t o  use a parametr ic  o r  a nonpara- 

metric t e s t  i s  presented i n  Figure 2 3 .  Pararnetrjc and nonparamet r i c  t e s t  

c o u n t e r p a r t s  are 1 i s t e d  i n  Tabl e 13. 



Table 12. Types o f  distributions a p p r o p r i a t e  f o r  sample 
d a t a  i n  monitoring stud ies .  

D i  s tr i  b u t i  on 
Continuous d i  screte Summary variables 

Stream wid th  St ream bank and channel 

stabi  1 i tya 
Subst ra te  cornposi tionc 

Stream depth Fi sh p o p u l a t i o n  e s t i m a t e s  b 

Water vel o c i t y  

Di scharge 

Percent cover 

Percent pool s and r i f f  lesC 

Water temperature Re1 at-ive abundance 

Length/weight relation- 
ships Re1 a t i v e  ranks 

Fish  biomass 

"1f t h e r e  i s  a wide range o f  values , -  the d a t a  can be considered cont inuous 
(P fankuch ' s  method). 

b ~ f  t h e  values can take on any percentage from 0 to 100, t h e  data  can be 
t r e a t e d  as  c o n t i n u o u s  measurement data.  

C Trea t  t h e  same a s  relative abundance. 





Tab1 e 13. Counterpar ts  f o r  parametr ic  and nonpararnetr i  c 
s t a t i s t i c a l  tests. 

Parametric Nonparametri c 

Two-sampl e t - tes t  

Paired t-test 

One-way ANOVA 

Two-way ANOVA wi thout  rep1 i ca tes  

Two-way ANOVA w i t h  rep1 i cates 

Mann-Whi tney U-test, t'-test 

Wilcoxon Signed-Rank 

Kruskall -Wall i s  

Friedman' s T e s t  

None 

(None) Chi-square contingency t a b l e  

Regression (None) 

I f  sample s i zes  di f fer  among samples, two a n a l y s i s  options are available: 

( 1 )  decrease the sample s l z e  by random e l i m i n a t i o n  of data (results  i n  data 

loss); or (2) use a weighted analysis o f  var iance .  Sometimes data  may be 

miss ing  because samples are l o s t  or were not taken. Sokal  and Rohlf (1969) 

discuss methods f o r  coping with these problems. 

STUDY DESIGN 

I n t r o d u c t i o n  

No amount o f  sophis t ica ted  s t a t i s t i c a l  analysis can compensate for a poor 
study design. Conversely, i f  s tudy design was good and t h e  data w e r e  carefully 

collected,  it i s  always possible to do a good a n a l y s i s  of  the results ( i . e . ,  

an jrnproper, or poor, analysis  o f  the data can be validly replaced by a better 

analys7s).  There is a large 1 iterature an s t u d y  design, and ye t ,  design3 ng a 



good study remains  a t  l e a s t  p a r t i a l l y  an a r t ,  based on professional judgement 

and experience. Some b a s i c  p r i n c i p l e s  and gu ide1  i nes f o r  env i ronmen ta l  s t u d i e s  

are p r e s e n t e d  below. However, i t  i s  i m p o s s i b l e  t o  d e v e l o p  a s e t  f o rmu la  f o r  

designing a study; whereas, i t  is p o s s i b l e  t o  p r e s e n t  s p e c i f i c  formulae f o r  

d a t a  a n a l y s i s .  Because of t h i s  d i f f i c u l t y ,  many books ( i n c l u d i n g  t h i s  manual) 

may seem t o  underemphasize t h e  importance a f  the  design phase of a study. 

Designing a good study requires knowledge o f  statistical design prj n c i -  

p l  es,  as  we1 1 as a p p r o p r i a t e  s u b j e c t - m a t t e r  know1 edge ( e .  g. , f i s h e r i e s  manage- 

ment, range s c i e n c e ,  wild1 i f e  management, ecology, and r e l a t e d  f i e l d s ) .  If 

possible, o b t a i n  h e l p  from a s t a t i s t i c i a n  w i t h  t h e  study d e s i g n  b e f o r e  any 

d a t a  col l e c t i o n  occu rs .  For  s m a l l - s c a l e  s t u d i e s  w i t h  1 i m i t e d  funding, access- 

i n g  a s t a t i s t i c i a n  may be d i f f i c u l t  o r  i m p o s s i b l e .  For tuna te ly ,  when the 

study i n v o l v e s  one s i m p l e  o b j e c t i v e ,  a s h o r t  t i m e  frame, and measurement o f  

only a few v a r i a b l e s ,  t h e  b i o l o g i s t  i n  charge can o f t e n  d e v e l o p  a good desjgn 

w i t h o u t  statistical he1 p. 

Large sca le ,  l ong  t e r m  s tud ies  are  a d i f f e r e n t  m a t t e r ,  and s t a t i s t i c a l  

a s s i s t a n c e  a t  t h e  beginning o f  such s t u d i e s  i s  recommended. Because t h e r e  is 

no a f t e r - t h e - f a c t  remedy f o r  a p o o r l y  p lanned  study, i t  i s  c o s t - e f f e c t i v e  t o  

spend t h e  necessary t i m e  and money i n  p l a n n i n g  a1 1 phases o f  the study. It i s  

suggested t h a t  a t  l e a s t  5 to 10% o f  t h e  t o t a l  study c o s t s  be a p p l i e d  t o  p lan-  

n i n g .  I f  necessary ,  s t a t i  s t j c a l  h e l p  can be con t rac ted .  ( A  good q u a n t i t a t i v e  

b i o l o g i s t ,  especially one t h a t  i s  i n t e r e s t e d  and experienced i n  field a p p l i c a -  

t i o n s ,  can also be very helpful i n  d e s i g n i n g  m o n i t o r i n g  s tud ies. )  Work closely 

w i t h  t h e  statistician and get them i n t o  t h e  f i e l d  w i t h  you. Do n o t  e x p e c t  

immediate answers t o  d e s i g n  problems. A good s t u d y  d e s i g n  r e q u i r e s ,  and I s  

we1 1  w a r t h ,  t h e  e f f o r t  and expense. 

Most books on study des ign  assume a 1 aboratory o r  agricrtl tural s e t t i n g ,  

where a h i g h  degree o f  c o n t r o l  can be exer ted  aver  the system. To a l a r g e  

e x t e n t ,  a h i g h  degree o f  c o n t r o l  over  relevant variables i s  no t  p o s s i b l e  i n  

e n v i  vonmental s t u d i e s .  I n  p a r t i c u l a r ,  changes t h a t  occur over  t i m e  per iods  o f  

months ar years (due, f o r  example, t o  w e a t h ~ r )  cannot be controlled. Because 



o f  t h l  s l a c k  o f  c o n t r o l ,  t he  opt imal  design f o r  environmental s tud ies  d i f f e r s  

from t h a t  i n  l a b o r a t o r y  and other s i m i l a r  settings, and t h e  a n a l y s i s  o f  data 

to test f o r  treatment e f f e c t s  d i f f e r s  from t h a t  used i n  c l a s s i c a l  analyses o f  

variance.  A useful r e f e r e n c e  on the p r i n c i p l e s  o f  study d e s i g n  i n  environ- 

mental work i s  the book by Green (1979) Sampl ing Des ign  and S t a t i s t i c a l  Methods 

f o r  Env i ronmenta l  B i o l o g i s t s .  Th is  book begins w i t h  the  statement (1): "The 

purpose o f  t h i s  book i s  t o  p rov fde  b i o l o g i s t s  with a compact guide t o  t he  

principles and o p t i o n s  f o r  sampl i ng and statistical analysi s methods i n  envj  - 
ronmenta l  s tud ies."  Ward (1978) 5 s another u s e f u l  re fe rence  i n  t h i  s field. 

Cons ide rab le  e v a l u a t i o n  of environmental  impact and m o n i t o r i n g  method01 - 
agies has been done by the U . S .  Department o f  Energy.  T h e i r  1 i t e r a t u r e  i s  a 

good source o f  i n fo rma t i on  on t he  design and analysfs o f  env i ronmen ta l  studies. 

See, f o r  example, E b e r h a r d t  (19761, Thomas (1977), and Eberhardt (1978). 

Val idity i n  Study Design 

Valid methods are necessary i n  any monitoring study i n  order t o  answer 

t he  pertinent ques t ion  or quest ions.  The quest ion t h a t  prompted the study i s  

o f t e n  genera l  i n  nature, such as "What are t h e  e f f e c t s  o f  grazing p r a c t f  ces on 

trout?" I n  p rac t i ce ,  more specSfic ve rs ions  o f  this question need to be forrnu- 

lated i n  order to provide the bas i s  for t h e  study. For the genera l  quest ion 

above, t h e r e  i s  no re ference to a particular t ime period or t o  a particular 

p lace .  The answer should p e r t a i n  t o  t he  e n t i r e  area f o r  previous years, t he  

year o r  years o f  t he  study and, especial ly ,  f o r  future y e a r s .  If the r e s u l t s  

a p p l y  o n l y  t o  t h e  t i m e  period and place o f  t h e  study, they are  o f  17mited use 

i n  a moni to r ing  study. However, d a t a  cannot be collected for every square 

foot o f  ground o r  from an ent i re  stream. The study must rely on sampl ing  over 

space; t h e r e f o r e ,  t h e  answer to t h e  g e n e r a l  question requ i res  an extension of 

t h e  study results (an i n f e r e n c e )  beyond t h e  spatial-temporal scope of t h e  

study. The study design must a1 l o w  such an i n f e r e n c e  t o  be made. 

Conc lus ions  (inferences) are v a l i d  only i f  t h e  study design and analysis  

methodology are v a l i d .  Val i d  methods are those  which w i l  I ,  on the average, 
produce the correct answer as more and more data are c o l l e c t e d .  Whether a r  



n o t  t h e  g iven  design and/or a n a l y s i s  methods produce the correct answers i s  

determined by t h e  s c i e n t i f i c  c h a r a c t e r i s t i c s  of t h e  methods. Much o f  t he  

c o n s t r u c t i o n  o f  study designs and ana lys is  methods f a l l s  i n  t he  area o f  

statistics. Because o f  i t s  mathemat ica l  and a b s t r a c t  nature,  s t a t i  s t l c s  often 

t e n d  t o  be confus ing.  T h i s  i s  unfortunate because s t a t i s t i c s  need to be used 

by persons c o n d u c t i n g  f i e l d  s t u d i e s  t o  def ine valid methods f o r  t h e  d e s i g n  and 

analysi 5 o f  i nferenti a1 studies.  

D e s i g n i n g  a study involves t h e  allocation o f  s a m p l i n g  e f f o r t  over space 

and time. Th i s  allocation i s  necessary because there is n a t u r a l  variatlon in 

biological populations a v e r  both space and time. It is t h e  e x i s t e n c e  of 

sampling variation t h a t  causes t h e  d i f f i c u l t i e s  i n  design o f  studies and 

a n a l y s i s  o f  t h e  data .  Data collected, even by s tandard ized methods, can v a r y  

as t h e  result o f  several f a c t o r s ,  including samp l i ng  s i t e ,  year, season, t ime 

o f  day, and impacts on the area sampled. Data can also vary s i g n i f i c a n t l y  due 

to t h e  sampling method, plot s i z e ,  equipment used, the persons t a k i n g  the 

sample, and o t h e r  similar f a c t o r s .  The reality o f  sampling v a r i a t i o n  and t h e  

need to draw conclusions broader than the s p e c i f i c  c i r cums tances  o f  t he  study 

m o t i v a t e  most o f  the principles of v a l i d  study design. 

Two General Design Principles 

Two types o f  variation in a sampled variable can be recognized: exp la ined  

and unexplained. Often t he  source of  v a r i a t i o n  (such as habitat type, eleva- 

t i o n ,  or sampling method) can be identified and the  v a r i a t i o n  i n  a sampled 

variable at least partial ly explained. T h i s  type o f  variable needs t o  be 

recognized and incorpora ted  i n t o  t h e  study des ign ;  e . g . ,  by standardizing t h e  

sampl ing methods and stratifying the sarnpl i ng by h a b i t a t  type. Unexplained 

v a r i a t i o n  i s  referred t o  as sampling v a r i a t i o n .  For example, repl icate  samples 
may vary even when samp l i ng  occurs w i t h i n  an apparently u n i f o r m  habitat, at 

virtually the same time, u s i n g  t h e  same sampl ing methods. T h i s  unexplaf ned 

v a r i a t i o n  n e c e s s i t a t e s  w i t h i n  treatment replicate sampling. If variability 

were not a f a c t  o f  l i f e ,  t h e r e  would  be little need f o r  s t a t i s t i c s  o r  designed 

s t u d i e s .  



Any d e l i b e r a t e  t rea tment ,  o r  management ac t ion ,  i s  only one poss ib le  

source o f  v a r i a t i o n  i n  the environment. Studies m u s t  be d e s i g n e d  so t h a t  the 

e f f e c t s  o f  t h e  t rea tment ,  if any, can be separa ted ,  i n  t h e  s t a t i s t i c a l  

a n a l y s i s ,  from t h e  e f f e c t s  o f  a1 1 o t h e r  p o s s i b l e  sources o f  v a r i a t i o n  affecting 

t h e  r e s p o n s e  variable(s). F a i l u r e  t o  do so v i o l a t e s  the most important 

princf p l e  of valid study design: 

1. The study d e s i g n  m u s t  allow t rea tment  e f f e c t s  (an " e x p l a i n e d "  source 

o f  v a r i a t i o n )  to be dis t ingu ished from a1 1 o the r  seurces o f  varia-  

t i o n .  

In order  to achieve t h i s  avoidance o f  confounding t h e  t reatment  e f f e c t  with 

o t h e r  sources of v a r i a t i o n ,  a l l  important sources of variation need t o  be 

identified and allowed f o r  through design concepts such as f ixed  p l a t s  over 

time, s t r a t i f i c a t i o n  by h a b i t a t  type, matched t rea tment  control areas,  s tan-  

dardized methodology, and pre- and post impact  sampling. 

The second p r i n c i p l e  o f  v a l  i d  s tudy design i s: 

2. Rep1 i c a t e  samples should be taken over space and t i m e .  

Repl icate  sampling must be used t o  v a l i d l y  judge the s i g n i f i c a n c e  of d i f f e r -  

ences between "treatment" and " c o n t r o l  " candi t i o n s  because of  na tura l  sampl ? ng 

v a r i a t i o n  over space and t ime. The determination o f  how large a sample to 

take r e l a t e s ,  i n  large p a r t ,  t o  how many replicate samples are needed t o  

compensate for  t h i s  natural  w i t h i n - r i t e  sampling v a r i a t i o n .  

Study Desf gn Guide1 i nes 

Green ( 1979) 1  i sts f o u r  prerequisites f o r  op t ima l  study d e s i g n :  

1. The impact  (management a c t i o n )  must n o t  have o c c u r r ~ d  yet ,  so t h a t  

baseline data can serve a s  a temporal control .  



2. The type o f  impac t  and p l a c e  o f  occurrence must be known, so t h a t  a 

sampling design appropriate t o  t e s t s  o f  the  hypotheses can be 

formulated. 

3. It must be poss ib le  t o  measure a l l  o f  t he  r e l e v a n t  b i o l o g i c a l  and 

env i ronmenta l  v a r i a b l e s  f o r  wh ich  s t a t i  r t S c a l  t e s t s  w i  11 be 

conducted.  

4. A comparable a rea  t h a t  w i  11 n o t  be impacted must be a v a i l a b l e  t o  

serve as  a con t ro l .  

Stream rnoni t o r i n g  s t u d i e s  s h o u l d  inc lude a t  1 east one preimpact (base1 ine) 

data s e t  f o r  both  t he  c o n t r o l  s i t e ( s )  and t he  t r e a t m e n t  s i t e ( s ) .  The manage- 

ment e f f e c t  i s  es t imated  by comparing t h e  two differences: t he  d i f f e r e n c e  i n  

t h e  cont ro l  s i t e s  be fo re  and a f t e r  management and t h e  before and a f ter  d i f f e r -  

ence i n  t h e  treatment s i t e s .  It i s  t h e  comparison o f  these two differences 

t h a t  i s  t h e  bas is  f o r  determining t h e  e f f e c t  o f  any management a c t i o n .  

Control sites can be e i ther  upstream or downstream f r o m  t h e  area o f  t h e  

stream where the management act ion  occurs, depending o n  the type o f  management 

and t h e  area o f  i t s  impact. I n  some cases, a downstream control a r e a  could be 

considered a " l esse r -a f f ec ted "  study s i t e .  I n  o t h e r  i n s t a n c e s ,  the c o n t r o l  

s i t e s  may need t o  be i n  a di f ferent ,  but s i m i l a r  stream. Similarity ( a t  least 
wi th  respect to the  variables o f  interest) o f  control and a f f e c t e d  s i t e s  prior 

to t h e  impact i s  e s s e n t i a l  t o  t h e  v a l i d  i n t e r p r e t a t i o n  o f  p o s t i m p a c t  sampl ing .  

Therefore, c o n t r o l  s i t e s  s h o u l d  be ve ry  c a r e f u l  ly selected,  i n c lud ing  a s t a t i  s- 

t i ca l  rev iew o f  any a v a i l a b l e  h i s t o r i c a l  da ta  and on -s i t e  v i s i t s  to t h e  

affected area and potenti a1 control  sf t e s  . 

Even when the  b a s e l i n e  sample v a l u e s  are very sjrnilar f o r  each a f fec ted  

s l t e  and i t s  co r respond f  ng control s i t e ,  t h e r e  i s  no way t o  be c e r t a i n  t h a t  

d i f f e r e n c e s  observed between treatment and cont ro l  s i t e s  a t  p o s t i m p a c t  sampl ing  

t i m e s  are due o n l y  t o  management a c t i v i t i e s  because con found ing  f a c t o r s  may 

a l s o  be a f f e c t i n g  the changes. 



I t  i s  n o t  a lways  possible t o  i n c l u d e  c o n t r o l  s i t e s ,  and a p p r o p r i a t e  

s t a t i s t i c a l  tests for a p p l i c a t i o n  in t h i s  s i t u a t i o n  are presented i n  Chapter V. 
Pre impac t  sampl i ng i s ex t reme ly  i m p o r t a n t  i n  the absence of control s i t e s  

because baseline data becomes the only means to evaluate t h e  e f f e c t s  o f  manage- 

ment a c t i v i t i e s .  

Green (1979) developed the f o l l o w i n g  criteria for sampl i n g  des ign  and 

s e l e c t i o n  o f  statistical methods for data analysi s (adapted for  management 

programs) : 

1. I t  must  be poss ib le  to test t h e  nu1 1 hypothesis  t h a t  any change i n  

t h e  managed area, over a t i m e  period t h a t  inc ludes t h e  management 

action, does not d i f f e r  s i g n i f i c a n t l y  from t he  change i n  the control  

area aver t h e  sam'e t ime per iod .  

2. It must be p o s s i b l e  t o  relate a demonstrated change to the management 

actlon and to i d e n t i f y  any e f f e c t s  resulting from natural environ- 

mental v a r i a t i o n  rather than from the management program. 

3. The a n a l y s i s  method must lead to an e f f e c t i v e  vasual  display o f :  

( I )  change due t o  management, as opposed t o  other sources o f  var ia -  

t i o n ;  and (2) the re la t ionship  between changes due t o  management i n  

biological variables and in e n v i r o n m e n t a l  variables. 

4 .  It must  be possible  to use the study results to d e s i g n  subsequent 

mon i to r i ng  studies in order to d e t e c t  f u t u r e  impacts  o f  management 

a c t i v i t i e s  o f  t h e  same type. 

5. The t e s t  o f  the null hypothes is  o f  no change due to management must 

be as conservative, powerful , and r obus t  as possible.  



The basic q u e s t i o n s  t h a t  need to be answered are: 

- How do I sarnpl e? 

- When do I sample? 

- Where do I sample? 

- Which s t a t i s t i c a l  t e s t s  do I use? 

What i s  sampled and how i t  i s  sampled depend on t h e  o b j e c t i v e s  o f  the 

study and are discussed i n  t h e  second and t h i r d  chapters o f  t h i s  manual .  When 

t o  sample depends on the  n a t u r a l  v a r i a t i o n  i n  t h e  v a r i a b l e ( $ )  and on t h e  

presence of confounding f a c t o r s  (discussed i n  a subsequent s e c t i o n ) .  FOP 

example, there  may be p r a c t i c a l  l i m i t a t i o n s  t o  the t ime when sampling can 

occur, such as i c e  cover,  f i s h i n g  pressure, or l e v e l  o f  stream f l o w .  

Sample sites are se lec ted  on the b a s i s  of a var ie ty  o f  c r i t e r i a .  The 

s i t e  to be managed i s  o f t e n  chosen because it has a h igh  potential o f  being 

managed successfully. I f  the managed s i t e ( s )  [and t h e  c o n t r o l  s i t e ( s 3 1  i s  n o t  

selected a t  random, t h e  s t a t i s t i c a l  in fe rences  t h a t  can be developed from the 

da ta  are  qu i te  restricted. The success o f  the management program a t  fu ture  

s i t e s  cannot be i n f e r r e d  when t h e  managed s i t e  is d e l i b e r a t e l y  chosen and, 

t he re fo re ,  not  necessar i ly  r e p r e s e n t a t i v e  o f  o t h e r  s i t e s  subjected t o  the same 

management a c t i o n  i n  t h e  future. 

Sarnpl i n g  i s  discussed by Greesen et a1 . (1977) and i n  other  ava i  lable  

statistical references. The f o u r  bas ic  types o f  sarnpl i n g  are: 



1. Simp1 e random sampl i n g  ; 

2. St ra t i f i ed randemsarnp l i ng ;  

3. Systernatl'c sampl ing;  and 

4.  Two-stage sampl i ng ( o f t e n  cal l  ed double sampl i ng) . 

Simple random sampl ing occurs when e v e r y  p o t e n t i a l  sampling u n i t  i n  t he  

p o p u l a t i o n  has an equal chance o f  s e l e c t i o n ,  and each sample unit i s  repre- 

s e n t a t i v e  o f  t h e  e n t i r e  popu7ation (Elliot 1977). Random sampling is most 

re1 iably des igned  when a random numbers t a b l e  i s  used. 

Stratified random sampling i nc reases  sampl ing  e f f i c i e n c y  because t h e  

p o p u l a t i o n  i s  divlded i n t o  several subpopu la t i ons  or  strata (Ell  i o t  1977). 

These strata s h o u l d  be internally more harnngeneous t h a n  t h e  popu la t ion  as  a 

who le  and should be well def jned .  S t r a t i f i e d  sampling i s  m o s t  use fu l  when t h e  

s t u d y  area contains a variety o f  d i f f e r e n t  environments; e . g . ,  pools and 

r i f f l e s .  The data f r o m  the varfous strata can be analyzed u s i n g  a one-way 

a n a l y s i s  o f  v a r i a n c e  (see Chapter V) .  

Sys temat ic  sampling occurs when the f i r s t  sample s i t e  i s  selected a t  

random, and t h e  o t h e r  sampl e s i  t e s  are spaced at some fixed i n t e r v a l  ; e .g. , 
every 10 m. A 1  t hough  t h i s  technique i s  easy,  E l  1 i o t  (1977) g i v e s  two 

disadvantages o f  systematic sampl ing:  (1) t h e  sample may be very  biased when 

the interval between u n i t s  i n  t h e  sample co inc ides  with a p e r i o d i c  variation 

i n  the population; and (2) there is no val i d  way to est imate  t h e  standard 

error o f  t h e  sample mean. 

Two-stage sampling i s  u s e f u l  when t h e r e  i s  a variable t h a t  is very d i f f i -  

cult o r  expensive t o  measure p r e c i s e l y ,  b u t  t h e r e  e x i s t s  an imprecjse, quick 

nondest ruc t ive  way t o  measure t h a t  v a r i a b l e .  The quick method i s  applied t o  a 

l a r g e  sample o f  s i t e s  and t h e n  a more precise method appl ied to a subset  o f  

these s i t e s  (second stage sample).  Based on t h e  second stage sample, t h e  



i m p r e c i s e  measurement method i s  c a l i b r a t e d  by a r a t i o  or regression method. 

This method has been used to e s t i m a t e  biomass in t e r r e s t r i a l  applications. 

The expensive, p r e c i  se method i s  vegetation cl ippi ng; ocul ar e s t i m a t i o n  i s t h e  

q u i r k ,  impreci  se method (see,  e . g . ,  Ahmed e t  a1 , 1983). A potential appl i c a -  

tion area i n  s t ream sampl ing  i s  t h e  estimation o f  macroinvertebrate abundance 

and r e l a t i v e  abundance by taxonomic groups,  where t h e  weight  of samples can be 

c a l i b r a t e d  t o  the total sample c o u n t .  

A g r i c u l t u r a l  and laboratory s tud ies  can o f t e n  start, i n  essence,  f rom 

t i m e  "zero"  ( e . g . ,  plowed fields i n  agriculture).  However, t h i s  i s  n o t  t h e  

case i n  env i ronmen ta l  s t u d i e s ;  where control and t rea tment .  p l o t s  may d i f f e r  

from each o t h e r  p r i o r  to t h e  treatment (i . e .  , management activities). Because 

o f  this potent l 'al d i f f e r e n c e ,  op t ima l  study d e s i g n  includes b o t h  control and 

t r e a t m e n t  plots, whjch are sampled both  before and a f t e r  treatment. There 

should be sampl i n g  rep1 i c a t e s  f o r  these  pla t s ;  e . g . ,  over h a b i t a t  t ypes  on a 

g iven  s t r eam,  o v e r  d i f f e r e n t  streams, ar  both. Opt imal  s tudy  design goes a 

s t e p  f u r t h e r  and " p a i r s "  the contra7 and treatment plots, t h e n  rep l i ca te s  

these pairs (study designs are i l l  ustrated i n  Chapter Y, along w i t h  a c t u a l  

ana lyses ) .  

For  example, t h e  e f f e c t  o f  grazing i n  a speci f ic  area c o u l d  be e v a l u a t e d  

by randomly s e l e c t i n g  a sample o f  20 streams i n  t h a t  area. P o s s i b l e  control- 

treatment sample s i t e  p a i r s  are i d e n t i f f  ed on each stream. Then one p a i r  o f  

s i t e s  i s  randomly selected on each stream, and one member o f  each p a i r  i s  

randomly s e l e c t e d  as t h e  treatment p l o t .  Graz ing  i s  assumed t o  have o c c u r r e d  

on a1 1 p l o t s ,  hence t he  " t r e a t m e n t "  i s  t h e  e l  irnination o f  g r a z i n g  by fenc- ing 

(see,  e .  g . , Kel 1 er  and Burnham 1982). The p r imary  p l o t s  should be 1 arge, up 

t o  0.5 l i n e a r  m i l e  o r  more o f  s t ream plus the adjacent  h a b i t a t .  Subsampl ing 

i s  r e q u i r e d  t o  measure t h e  response variables on each p l o t .  This combination 

of pr imary and secondary levels of sampl ing  i s  common in environmental work 

( s e e ,  e .  g .  , Eberhardt 1978). The within primary-pl ot ramp1 i ng should be based 

on f i x e d  sampl i n g  l o c a t i o n s  (fixed s u b p l o t s  or transects); these f i xed  

locations are sampled o v e r  t i m e .  



Selection o f  sampl ing sites within larger plots i s  a1 so subject  t o  t h e  

principles o f  good study design, and random selection o f  sampling s i t e s  i s  

s t i l l  necessary. I f  t h e  main  p l o t s  are l a r g e ,  they can be strat i f ied by 

h a b i t a t  type before sample s i t e s  a r e  selected. When poss ib l e ,  t he  response 

variable(s) should be measured over t h e  e n t i r e  main plot; subsampl ing i s  only 

done as a matter o f  necess i ty .  

I n t e r p r e t i n g  Sampling Variation 

There  are two components of sampl i n g  varjation when ma in  plats and sub- 

plots are used. The most important variation f s between main p l o t s ,  and t h i s  

source o f  v a r i a t i o n  i s  the basis o f  tests o f  treatment effects .  Within-plot 

sampling effort is sufficient if the response variabte(s) i n  each ma in  plot i s  

precisely measured (see ~ h i ' t e  e t  a1 . 1982, Chapter 2 ,  for a d d i t i o n a l  discussion 

o f  the concept o f  1 eve1 s o f  sampl i ng v a r i  a t ?  on). 

The var iance  computed for estfmates of N f rom wfthin-plot sampling o n l y  
A 

estimates the p r e c i s f o n  o f  N at a given sample plot. T h i s  within-plot sampling 

var.fance has no th i ng  to do with t h e  natural v a r i a t i o n  among di f fe ren t  m a i n  

plots or different periods of t jrne. Within-plot samplfng variances, therefore, 

are inappropriate f o r  m a s t  s t a t i  stical t e s t s  in monitoring studles.  

The m o s t  important source o f  variation i s  between plots. For example, 

consfder a s i t u a t i o n  where there are two streams, one a managed stream and one 

a control stream. F i s h  numbers will be the response v a r i a b l e  and electrafish- 

ing w i l l  be the w i t h i n - p l o t  sampling method. To test the hypothesis that fish 

abundance d i f f e r s  between specified reaches i n  the two streams, replicate 

sampling p l o t s  are selected a t  random from t h e  stretches.  For this example, 

sample plots are set a t  100 rn long, with f i v e  p l o t s  on each s t ream.  The t r u e  

popu la t i on  IN) o f  f i sh  i n  each o f  the f i v e  plots in the control and the managed 

stream after management are as follows: 



S i t e  

1 

2 

3 

4 

5 

Control stream 
N 

Managed stream 
N 

The correct  t e s t  t o  use i n  t h i s  case i s  an unpaired t - t e s t  w i t h  8 df .  

The t-value i s  3 . 2 1 ,  which i s  s i g n i f i c a n t  a t  the a = 0.01 l e v e l ,  meaning that 

the null hypothesis of  no d i f f e r e n c e  i n  f ish abundance f a r  the t w o  streams can 

be rejected a t  t h e  99% confidence l e v e l .  (The reader i s  encouraged t o  compute 

this test a s  an exercise.) The v a r i a t i o n  between p l o t s  w i t h i n  a stream i s  

natural v a r i a t l o n ;  t h i s  between-plots v a r i a t i o n  i s  t h e  basj s f o r  dete rmin ing  

di f fe rences  between streams. 

W i t h j n - p l o t  sampling i s  necessary in order to e s t i m a t e  t he  unknown f i s h  

abundance i n  each p l o t .  As a resu l t ,  t h e r e  i s  uncertainty associated w i t h  the  

subsequent e s t i m a t e s  o f  f i s h  abundance a t  each p l o t .  Assume t h a t  electro- 

f i s h i n g  i s  done and that good p o i n t  est imates  o f  N are produced and standard 
n 

errors o f  N are calculated: 

Site 

Control stream Managed stream 



n 
The difference between the t r u e  N and the  est imate  b4 within each p l o t  i s  

due t o  w i t h i n - p l o t  sampling var ia t ion ;  i t  is the average va lue  of this squared 
n 

d i f f e r e n c e  t h a t  i s  estimated by t h e  formula f o r  var(N). For t h e  above example, 
A 

based on t h e  values of N, t = 3 .45 .  There are s t i l l  8 d f ,  and t h e r e  i s  s t i l l  

a s i g n i f i c a n t  d i f f e r e n c e  a t  the a = 0.01  level .  

The reason for computing se(!) = i s  t o  determine the re1 iabil i t y  

o f  the i n d i v i d u a l  estimates. When there are small s tandard  errors, t h e  e s t i -  

mates are re1 i a b l e ,  and t h e  t - t e s t  cornparl ng f i s h  abundance f o r  the control 
n 

v s .  t h e  managed stream, based on the v a l u e s  o f  N ,  can be computed w i t h  

confidence t h a t  the r e su l t s  are  e s s e n t i a l l y  the  same as  i f  t h e  t r u e  N were 

known; i . e . ,  the elect rof ishing p a r t  o f  t h e  study has been successful.  (The 
A 

values o f  se(N) play no role in computing t h a t  t - t e s t . )  

A 
For larger values o f  se(N), the t - t e s t  f s l e s s  r e l i a b l e .  I f  t h e  

es t imates  are very inaccura te ,  i t  may be impossible t o  t e l l  if there i s  a 

d i f ference  i n  c o n t r o l  and managed streams. For example, suppose t h a t  t h e  

p o i n t  es t imates  and standard errors  for  each p l o t  a r e :  

C o n t r o l  stream Managed stream 
A 

N ~rse(G)l 

A 
By 10oklng a t  t h e  sampling standard errors o f  N, i t  i s  obvious t h a t  the 

study has f a i l e d  because these values are t o o  large. The est imates o f  U are ,  

therefore, too  i naccura te  t o  re1 i a b l y  d e t e c t  any difference between streams. 
A 

The computed t - tes t  from t h e  above values o f  N is 0.49  (8 d f ) .  The result i s  



not s i g n i f i c a n t ,  b u t  1 t would be erroneous to conclude t h a t  the p o p u l a t i o n s  of 

t h e  two streams are n o t  different, meaning t h a t  management had no e f f e c t ,  

because t h e  within-plot e s t i m a t e s  o f  N are poor .  

The important two p o i n t s  here are t h a t  rep1 i c a t e  m a i n  plots are generally 

needed i n  both c o n t r o l  and managed areas t o  t e s t  for impacts and any 

subsampling o f  main plots must produce reasonably precise results for each 

main plot. It i s  not va7id to select one plot i n  each s t r e a m  and base the 

test on the wjthin-plot sampling v a r i a n c e  o f  N. Far example, i f  c o n t r o l  p l o t  
A n 

5 ( t r u e  N = 165; N = 155) and managed plot 3 ( t r u e  N = 160; N = 158) in the 
f i r s t  case above were sel lected ' as t h e  only study plots, an apparent test 

s t a t i  stic would be: 

T h i s  would approximate a standard normal v a r i a b l e  (a  t-test w i t h  many 

degrees o f  freedom), and the results would not be s i g n i f i c a n t .  The t e s t  i s  

also invalid because the standard error o f  the d i f f e r e n c e  i n  the e s t i m a t e s  i s  

based, incorrectly, on wlthln-plat var iances (= 4.02 + 7.02). 

Sample S i z e  Guide1 i nes 

Sample s i z e  ( i . e . ,  sampling e f f o r t )  needs to be considered at both the 

main p l o t  and w i  t h i n - p l  at 1 eve1 s .  Unfortunately, standard formulae t o  deter- 

mine sample s i z e  are o f t e n  not useful  in environmental studies, especial ly  

when the main plots are large.  When p l o t s  are very large ,  i t  i s  difficult to 

sample enough plots, and t h e  rule of ,thumb becomes to sample as many as 

p o s s i b l e .  There i s  a t r a d e - o f f  between t h e  number o f  main plots and the 

amount of within-plot sampling tha t  i s  done, unless the  study S s  such that t h e  

response variables can be measured d i r e c t l y  for the e n t i r e  main plot. It i s  

generally b e t t e r  to have more main plots at t h e  expense o f  less within-plot 

sampling, at least up to t h e  limit o f  getting r e l i a b l e  within-plot e s t i m a t e s .  



I n  o r d e r  t o  make an in fe rence  about some management a c t i o n  f o r  a l a r g e  a r e a ,  

t h e r e  should be a t  1  e a s t  10 p a i r s  o f  c o n t r o l - t r e a t m e n t  main  p l o t s  and a t  f e a s t  

t w o  w i t h i n - p l o t  sarnpl i n g  s i t e s  i n  each maqn p l o t .  No i n f e r e n c e  t o  a larger 

area i s  p o s s i b l e  with only one c o n t r o l - t r e a t m e n t  p a i r ,  even i f  t h e  p a i r  i s  

randomly  se lec ted .  No amount o f  w i  t h i  n-pl  o t  sarnpl i ng can compensate f a r  

hav ing t o o  few main  p l  o t s .  

Eberhardt (1978) and Green ( 1979) p r o v i d e  use fu l  gu ide1  i nes on sampl e 

s i z e .  The f o l  lowing formula (modi f ied a f t e r  Cal houn 1966) i s  sometimes useful  ; 

e .  g .  , i n  d e t e r m i n i n g  t h e  sample s i z e  needed t o  e s t i m a t e  t h e  average macro- 

i n v e r t e b r a t e  d e n s i t y  i n  a stream s e c t i o n  : 

n = the desired sample s i r e  t o  ach ieve  a 95% c o n f i d e n c e  i n t e r v a l  on t h e  t r u e  

mean w i t h  a r e l a t i v e  c o n f i d e n c e  i n t e r v a l  width o f  26. The unknown average 

va lue  o f  t h e  response v a r i a b l e  i s u; t h e  sample-to-sarnpl e s tandard d e v i a t i o n  

i s  a .  The r a t i o  a/v = cv i s  t h e  per sample c o e f f i c i e n t  o f  v a r i a t i o n ,  which 

mus t  be known o r  es t ima ted  ( e . g . ,  f rom a pilot study o r  f r o m  e x i s t i n g  data) .  

It i s  o f t e n  p a s s i b l e ,  f o r  p lann ing  purposes,  t o  l e t  cv = 1.0 (100%). Wi th 

t h i s  value, n = 4 / S Z .  Thus, t o  est imate  p w i t h  "good" p r e c i s i o n ,  i . e . ,  t o  

obtain a 95% confjdence i n t e r v a l  w i t h  a r e l a t i v e  ha1 f-width o f  8 = 13.1, may 

sometimes r e q u i r e  a sample s i z e  o f :  

I f  6 = 0.25, n = 4/(0.25)' = 64, wh ich  i s  still very  large .  U s e f u l  v a l u e s  o f  

S a r e  I 0.25, w i t h  6 = 0.1 representing good p r e c i s i o n .  



The above example illustrates t h e  f a c t  that when optimal target sample 

s i z e s  are computed, t h e  resu l t  o f t e n  i s  l a r g e r  samples t h a n  can be t aken  

because o f  study c o n s t r a i n t s .  Consequent ly ,  a common approach i s  t o  determine 

the sample s i z e  t h a t  can be t aken ,  g iven  t i m e ,  pe rsonne l  , and budget resou rces ,  

and then  f i n d  o u t  what  level o f  p r e c i s i o n  can be o b t a i n e d  wi th  t h i s  7evel o f  

sampling. The leve l  o f  p r e c i s i o n  t h a t  can be obtained w i  11 de te rm ine  whether  

o r  n o t  the s t u d y  can be expected t o  de tec t  a treatment e f f e c t  o f  practical 

s i g n i f i c a n c e .  Procedures for deter rn i  ning expected p r e c i s i o n  g iven  a 1 eve1 o f  

samp l i ng  e f f o r t  are beyond t h e  scope o f  t h i s  document, and s t a t i s t i c a l  

a s s i  s tance may be needed t o  answer such q u e s t i o n s .  

There i s  a complex in terp lay  between sample s i z e  and s t u d y  des ign.  The 

role  o f  study design i s  t w o  fold: (1) to produce valid results; and (2) to 

reduce the level  o f  s a m p l i n g  e f f o r t  needed t h r o u g h  p r a c t i c e s  such a s  contrel- 

t rea tment  p a i r i n g ,  s t r a t i f i c a t i o n ,  use  o f  p r i o r  i n f o rma t i on ,  befordafter 

measurements, f i xed  p l o t s ,  two-stage sampl ing ,  and o t h e r  techniques. 

Consequent ly ,  the question o f  sample s i z e  can only be answered w i t h  respect to 

a g i v e n  study design. 

CONFOUNDING FACTORS 

Confounding f a c t o r s  are f a c t o r s  that, i f  n o t  adequately cons ide red ,  

con fuse  c o n c l u s i o n s  regarding t h e  suctess  of a management program. Many 

confound ing f a c t o r s  t h a t  may be encountered in a mon i to r i ng  study are 1 l s t e d  

below under f i v e  basic ca tego r i es :  I n s t i t u t i o n a l ;  equipment; pe rsonne l ;  

biological; and s t a t i s t i c a l .  

I n s t i t u t i o n a l  F a c t o r s  

1. There must be a commitment (and,  if possible, a guarantee)  t h a t  t he  

study will be cont inued until i t  i s  f i n i s h e d .  



2 .  Commitments o f  t i m e ,  personnel , and money should be enough f o r  t h e  

e n t i r e  study.  

Communication 1 i n e s  should be kept  open between the people respon- 

s ible  f o r  the study and land use managers. I f  unplanned a c t i v j t i e s  

begin  a t  t h e  study s i t e  t h a t  may I n t e r f e r e  w i t h  t h e  success of the 
study ( e .9 .  , construction a c t i v i t y ) ,  t h e  i n v o l v e d  personnel need t o  

be n o t i f i e d  and at tempts made to h a l t  or modify the activfty u n t i l  

the study i s  completed. There a?  so needs t o  be continued communica- 

tion and cooperation w i t h  Sta te  agencies that have species management 

responsibil ites i n  the area. 

4. Management programs should n o t  be changed during t h e  study. 

5 .  Institutional c o n s t r a i n t s  t h a t  may r e s t r i c t  sampl ing to c e r t a i n  

t i m e s  should be considered when t h e  study i s  designed. 

I. Biases i n  t h e  results  due t o  t h e  sampling procedure used need t o  be 

considered so t h a t  they do not  have an undue a f f e c t  on the study 

conclusions. Fish sampling r e s u l t s ,  7n particular, can be d i f f e r e n -  

t i a l  ly biased by the choice of sampling gear. 

2 .  The e f f e c t  o f  d i f f e r e n t  water conditions ( e . g . ,  t u rb id i t y ,  hardness, 
and discharge) on the p r e c i s i o n  and e f f i c i e n c y  o f  t h e  equipment used 

i n  t h e  study needs t o  be understood and accounted f o r  in study 

results. 

3.  Equipment shouldbecalibrated,  a s a p p r o p r i a t e a n d n e e d e d .  

4, Methods should remain t h e  same throughout t h e  study because r e s u l t s  

are generally n o t  comparable between methods. 



5. Values  obtained may be a f f e c t e d  i f  equipment i s  replaced or modif ied 

dur ing the study. For example, t h e  e f f i c i e n c y  o f  electrofi shf ng 

units may vary w i t h  t i m e  as t h e  bat tery  l o s e s  i t s  charge or i f  one 

brand o f  equipment i s replaced w i t h  another brand. 

Personnel F a c t o r s  

1. Trial runs should be conducted before study sampling begins to 

f a m i  1 i a r i z e  personnel w i t h  equipment and t o  standardize methods, 

2.  The number o f  persons a v a i l a b l e  must meet the requirements for the  

method chosen. The same number o f  people should be a v a i l a b l e  each 

time a method i s  used t h a t  i s  affected by t he  number o f  partjclpants 

( e - g . ,  electrofishing). 

3 .  The amount o f  previous t r a i n i n g  and experience may vary among 

personnel  and can a f f e c t  the precisf on of sampling. I f  differences 

I n  sampling efficiency are  suspected, personnel should be rotated 

systematically among sites i n  order to avojd confounding differences 

resulting from personnel involved in t h e  sampling with t r e a t m e n t  

effects. 

4.  Personnel changes dur ing  t h e  study may introduce error i f  sampling 

p r e c i s i o n  or bias var ies  among t h e  persons involved i n  the sampling. 

5 .  Sampling by personnel may vary  over  time; e . g . ,  they may become more 
e f f i c i e n t  w i t h  added exper ience or be a f f e c t e d  by certain t imes o f  

the day o r  year. 



B i o l o g i c a l  Factors  

1. B i o l o g i c a l  v a r i a b l e s  may n o t  be independent o f  one another. 

2. F i s h i n g p r e s s u r e  a f f e c t s  f i s h  population est imates  and s i z e  d i s t r i -  

b u t i o n  and, therefore,  s h o u l d  be considered when s e l e c t i n g  sampl ing  

times. 

3 .  There i s  considerable  n a t u r a l  var i a t ion  i n  population numbers i n  

both time and space t h a t  can mask management e f f e c t s  (see Hall  and 

Knight 1981). 

4 .  B f o l o g i c a l  p a p u l a t l o n s  may not  respond immediately t o  changes i n  

t h e i r  environment; i . e . ,  t h e r e  may be a l ag  t i m e  between t h e  manage- 

ment a c t i o n  and the popula t ion  response. S tud ies  may have t o  extend 

f o r  a number o f  years  a f t e r  t rea tment  i n i t i a t i o n  i n  order t o  

accurately determine responses. 

5 .  0iological p o p u l a t i o n s  may adapt  or  acc l imate  t o  cond i t i ons  and,  

therefore ,  n o t  change. However, t h i s  phenomenon i s  rare. 

6. B i o l o g i c a l  populat ions o f t e n  have response thresholds,  r a t h e r  than 

reacting l inear ly .  

7. Factors  other  than those being monitored may a f f e c t  populat ions,  and 

p o p u l a t i o n  changes may occur for r e a s o n s  t h a t  a r e  unconnected w i t h  

the management program. 

8. H a b i t a t  changes u n r e l a t e d  t o  management a c t i o n s  may r e s u l t  i n  a 

real location o f  f i s h  i n  t h e  study area, thereby increas ing  t h e  

d i f f e r e n c e  i n  p o p u l a t i o n  numbers between the control  and managed 

areas.  I n  t h i s  case,  t h e r e  a re  t h e  same number o f  f i s h  but i n  

d i f f e r e n t  places. 



Statistical Factors  

1. If the assumptions for t h e  parametric t e s t s  used are only approx- 

imated rather than fully meet, these assumption vjolations may have 
s e r i o u s  a f f e c t s  on the study results.  

2. Controls in time and space are necessary for v a l i d  comparisons; 

however, they are far From foolproof (Eberhardt 1978). 

3 .  The t ime o f  sarnpl i n g  can bias  resu l t s  when changes i n  t h e  values o f  

t h e  variable being monitored are related to time o f  day or year. 

4. When an insufficient sample s i r e  i s  used, a s i g n i f i c a n t  d i f f e r e n c e  

may e x i s t  but not be apparent.  Conclusions drawn from an analysis 
w i t h  an insufficient sample size may, therefore, be i n v a l i d .  Green 
(1979:40) advises "If it was not possible to conduct preliminary 
sampling and a number must be pulled out of a hat ,  three r e p l i c a t e s  

per treatment cornbi na t ion  i s a good .round number. [However], i t  i s  

the overall error degrees o f  freedom t h a t  are important." 

5. Lack o f  enough rep1 i c a t t  on makes e s t i m a t i o n  o f  natural vari  abi l i ty 
impassible. Rep1 i c a t e  samples should be taken (Green 1979:27) ". . . 
within each combinat ion of time, l oca t ion  and any o t h e r  control led 

variable. Differences among can only be demonstrated by comparisons 

wi th in " .  

6 .  Considerable error can be introduced when t h e  assurnptfons o f  popula-  
tion e s t i m a t e s  are n o t  m e t  completely. 

7 .  Unforeseen events ( e . g . ,  a 100-year Flood) can a f f e c t  t h e  study 

s i t e ( s 1  to t h e  ex tent  t h a t  comparisons of differences are i n v a l  i d .  

8. A statistically s i g n i f f c a n t  relationship i s  n o t  always proof of 

causal i ty because many variabl es  are interrel ated (Green 1979). 



9 .  Rounding o f  numbers wi th  several decimal places can cause cons ider -  

able  varfatfon i n  c a l c u l a t i o n s .  I t  i s  adv isab le  to r e t a i n  four  

d i g i t s  to the r i g h t  o f  t h e  decimal point for computational s teps .  

An example o f  t h e  error t h a t  can result  f rom rounding i s  demonstrated 

i n  t h e  f o l l o w i n g  example o f  computing a v a r i a n c e  est imate:  

If  n = 20, E(X)2 = 478.0499, and 1 = 4.8555, then s2 = 0.3438. Bu t  

i f  2 i s  rounded t o  4.9 and 1 ( X I 2  i s  rounded t o  478.0, t he  resu l t  i s  

5' = -0.1158, which i s  imposs ib le  far a variance. T h i s  illustrates 
that, i n  general, i f  intermediate q u a n t i t i e s  i n  a serjes o f  calcula- 

t i o n s  are rounded o f f ,  the end re su l t  o f  a calculation can be 

seriously i n  error. 

10. Tabular values can be selected or recorded incorrectly, which can 

resu l t  1 n i n c o r r e c t  c a l c u l a t i o n s  a r  concl u s i  ans. 
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CHAPTER Y. STATISTICAL TESTS FOR EVALUATING 

RESPONSES TO MANAGEMENT ACTIVITIES 

The f o l l  owing stepwi se examples are far the statistical procedures 
ment ioned in Chapter  I V .  For demonstration purposes,  the assumptions necessary 

f o ~  parametr ic  t e s t s  are tested f o r  one example. The necessary assurnpt7onr 

are given far the remaining examples. A statistics t e x t  by Sokal and Rohl f  

(1969) and their  s t a t i s t i c a l  tables ( R o h l f  and Sokal 1969) are the  primary 

reference sources for t h e  t e s t s .  

DETERMINATION OF THE DATA DISTRIBUTION PATTERN 

The following t o t a l  lengths (mm) o f  64 a d u l t  trout are used to determine 

t h e  data d i  strf  b u t i o n  p a t t e r n :  



S t e p  1 

Prepare a frequency d i  s t r  i but  i an tab1 e.  

F ish  l e n g t h  No. o f  
(mm) observations 

% of 
total 

4 . 7  
9 . 4  

23.4 
15.5 
18.7 

9.4 
9 . 4  
4.7  
0.0 
1.6 
1.6 
0.0 
1.6 

Cumulative 
% o f  t o t a l  

4.7 
14.1 
37.5 
53.0 
71.7 
81.1 
90.5 
95 .2  
95.2 
96.8 
98.4 
98.4 

100.0 

Step  2 

Plot the d a t a  f n  a histogram, and draw a curve to approximate t h e  

d i s t r i b u t f o n  pattern. 
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Step  3 

P l o t  t h e  d a t a  on normal  probability paper and fit a line t o  the  da ta  

p o i n t s  by v-isual observation. D a t a  p o i n t s  are midpofnts f o r  each f i s h  

length class .  

F i s h  l e n g t h  (mm) 



Step 4 

The p a t t e r n  appears  t o  be lognormal.  To confirm t h i s  assumption,  p l o t  

t h e  d a t a  p o i n t s  on lognormal probabi l  i  t y  paper and v i s u a l l y  f i t  a  curve 

t o  t h e  p o i n t s .  

F i s h  l e n g t h  (mm) 

A s t r a i g h t  l i n e  p a t t e r n  of t h e  d a t a  p o i n t s  s t r o n g l y  suppor t s  lognormal i ty .  



S t e p  5 

Transform t h e  data  by logarithms. IS pararnetr'lic tests will be used, 

distributions o t h e r  than lognormal can o f t e n  be normalized by t h e  

appropriate transformations (Sokal  and Rohl f 1969). Nonparametric t e s t s  

should be used when normal i z a t i o n  i s  unsuccessful . 

TEST FOR HOMOGENEITY OF VARIANCE 

The following water  depth d a t a  will be used to t e s t  for  homogeneity o f  

var iance :  

Site 1 Site 2 S i t e  3 

XI xi 
2 

Xi 'i 'i Xi 

4.1 
EX. = 35.7 

1 



Step  1 

Determine t h e  frequency di  strf  b u t i o n s .  The frequency d i  stri bution o f  the 

data f o r  S i t e  1 i s :  

Class 

S i t e  1 

Percent 
% cumulative Class 

Frequency Frequency frequency m i  dpoi n t  



Step 2 

Graph d a t a  on normal probabi 1 i t y  paper (Sokal and Rohl f 1969). 

a = S i t e  1 
0 = S i t e  2 
X = S i t e  3 
1 = Same data po in t  for 

a l l  t h r e e  si tes  

The s lopes o f  t h e  three l l n e s  are very similar, i n d i c a t i n g  t h a t  the 

variances are! probably homogeneous, Additfonal t e s t s  can be used f o r  confirma- 

t i o n .  The I ines for s i t e s  2 and 3 overlap t o o  much to d i s t i n g u i s h  them. 



The F - t e s t  i s  used t o  t e s t  f o r  homogeneity o f  v a r i a n c e  when there are 

only two d a t a  sets: 

Select a level o f  conf idence; e . g . ,  a = 0.05. 

Calculate the F-value = FS: 

Look up the F-value f o r  Fa,(n-ll,(n-ll in t h e  appropriate s t a t i s t i c a l  

table where n = number o f  observat ions i n  each sample (10  i n  t h i s  

example) . 

The calculated F value o f  1.3413 is less than t he  t a b l e  F-value o f  3.18. 

Therefore,  t h e  null hypothesis cannot be r e j ec ted ,  and the conclusion 

( w i t h  a 95% confidence l e v e l )  i s  t h a t  t he  va r iances  are equal (homogeneity 

o f  variance) . 

Step  3b 

Bartlett's test (Sokal and RohFf 1969) i s  used t o  t e s t  f o r  homogeneity o f  

var iance  when t h e r e  are more than two d a t a  s e t s :  



Compute the wei gh ted average var i  ance : a 

52 = sum o f  [ (var iance values) times ( t h e i r  r e s p e c t i v e  degrees of f r e e d d  
sum o f  d f  

Find t h e  logarithm of  1.9367, which i s  0.28786. 

Sum the lags o f  each variance multiplied by i t s  r e s p e c t i v e  degrees o f  freedom: 

Compute = 2.3026 (sum o f  t h e  degrees of freedom multiplied by t h e  log 
o f  t h e  we lgh ted  average variance) - (sum o f  the logs o f  each variance 
m u l t i p l i e d  by its respectqve degrees o f  freedom]: 

Compute co r r ec t Jon  f a c t o r  C :  

sum of reciprocal of individual df - sum of df 

a = number o f  sample  sets (a  = 3 i n  t h i s  e x a m p l e )  

I o I f  any o f  t he  s2 values  are less than 1, a l l  o f  the s2 v a l u e s  are  mu1 tiplied 
by t h e  same rnultlpfe o f  10 so t h a t  there is at least one number t o  t h e  l e f t  o f  
t h e  decimal i n  each s Z  v a l u e .  For  example, i f  the rmal lest s2 v a l u e  is 0.224, 
all s2 values would be multiplied by 10. T h i s  multiplfcation i s  necessary to 
prevent negat lve  logs. 



Compute the adjusted r2: 

2 
Because .05.(2) = 5.991 and t h e  adjusted t e s t  statistic r2 of 0.014 i s  

loner, t h e  n u l i  -hypothesfs I s  n o t  rejected and we are reasonably safe t o  

assume that  the var iances are equal.  

Step 4 

Fmax - t e s t  (Sokal and Roh l f  1969) 

When Bartlett's test i n d i c a t e s  t h a t  t h e r e  i s  no homogeneity o f  v a r i a n c e ,  

the Fmav - t e s t  can be used to determine If parametric methods are s t i l l  

acceptable; e . g .  : 

2 s maximum ratio: Compute the 
s minimum 

Select the tabulated Fmav s t a t i s t i c :  

- 
Fmax a,(a),(n-1) - Fmax0.~5,3,9 = 5.34 

where a = 0.05 

a = number o f  data s e t s  = 3 

n = samples per  s e t  = 10 



The calculated value does n o t  exceed t h e  tabular va lue ,  hence the nu1 1  

hypothesis o f  equa l  v a r i a n c e  i s  n o t  rejected; there fore ,  t h e  assumption 

can be made t h a t  the v a r i a n c e s  are equal because t h e  computed v a l u e  
( 1 . 3 4 )  i s  less  than the t abu la ted  Fmax s t a t i s t i c  ( 5 . 3 4 )  a t  the 5% l eve l .  

When homogeneity of var iance  i s  l a c k i n g ,  paramet r ic  t e s t s  can still be 

used w i t h  cau t i on  if t h e  calculated Fmax va lue  i s  l e s s  than o r  equal t o  5. If  

a parametric test cannot be used on She data a s  i s ,  an appropriate nonpara- 

metric t e s t  can be se lec ted  or at tempts  made to t r a n s f o r m  t h e  d a t a  so t h a t  a 

parametric test can be used (see Soka l  and Rohl f  1969). 

STATISTICAL TESTS FOR COMPARING DIFFERENCES BETWEEN DATA SETS 

Two-sarnnle t - t e s t  

Problem: I n  an area where grazing occurred, t h e  temperature o f  a small 

stream was determined by sampling with a hand-held thermometer to determine 

t h e  e f f e c t s  o f  g raz ing  on stream temperature. Temperature measurements were 

taken a t  s i t e  1 on t h e  stream w i t h i n  an area where grazing was r e s t r i c t e d  and 

a t  s i t e  2 on the s t ream where grazing was n o t  r e s t r i c t e d .  The two-sample 

t-test i s  used to test f o r  di f fe rences  when the  sampler are independent, t h e  

data are assumed t o  be normally d i s t r i b u t e d ,  and t h e  variances are assumed to 

be homogeneous. 



S i t e  1 
m 

Sol u t ion :  

S i t e  2 

X i  xi 

2. Select a ;  e.g . ,  u = 0.05. 

3. Calculate the  standard error ( s e )  o f  the difference i n  t h e  means, 
- - 

- X2 



- - 

'1 - '2 - (10.62 - 11.0) - -0.38 - -3.06 4 .  Calculate t = se - -- .I24 0.124- 

5 .  Look up the t a b u l a r  t v a l u e  f o r  nl + 9 - 2 = 5 + 5 - 2 = 8 d f :  

6. The null hypothesis  i s  rejected because t h e  t e s t  s t a t i s t i c  t = 
-3.06, which i s  less than t h e  tabular c r i t i ca l  va lue  o f  t = -2.306 

(for  a two-tailed t e s t ,  t he  t a b u l a r  value i s  t.). The c o n c l u s i o n ,  

w l t h  a 95% conf idence l eve l ,  i s  t h a t  t h e  s t ream t e m p e r a t u r e s  are 

s i g n 1  f i c a n t l y  d i f f e r e n t  a t  t h e  s i t e  where grazing was restricted 

compared to t h e  s i t e  where g raz ing  was n o t  r e s t r i c t e d .  

7. Assume t h a t  t he  management objective w a s t a  lawerthe streamtempera- 

ture by Z 0  C a t  t h e  restricted g r a z i n g  s i t e  and t h a t  temperatures 

over t h e  p a s t  several seasons ( w i t h o u t  any rest r ic ted g r a s i  ng) 

averaged 11.5O C. p becomes 1 1 . 5 O  C - 2' C = 9 . 5 O  C, and a one- 

tailed t - t e s t  can be used to t e s t  Ha: vO = 9.5 versus Ha: p > 9.5. 



t0.05,nl-l = 2.132 ( R o h l f  and Sekal 1979:Table Q). 

The calculated t o f  21.54 is greater t h a n  the tabular value o f  

t = 2.132. There fo re ,  the nu17 hypothesis i s  rejected with 95% 

confidence t h a t  stream temperatures i n  t h e  area wi th  restricted 

grazing were not  lowered by 2a C. Note t h a t  t h e  a level i n  Table  Q 
i s  d iv ided by 2 f o r  a one-tailed t e s t ;  e . g . ,  i f  u = 0.05 i n  a one- 

0 1 tafled t e s t ,  select a va lue  i n  t he  column 0.05. 
2 

The t'-test (Sokal and Rohl f 1969) 

Problem: Stream temperatures (OC) were taken (15 readings) a t  a s t ream 

s i t e  before a management program was i n i t i a t e d  to i n c r e a s e  bank cover .  Tem- 

perature read ings  (10 readlngs a t  the same t ime o f  the year)  were a l s o  taken 

after  t h e  management program was initiated. The data are: 



B e f o r e  management 

Xi - ~t 

15.0 225.00 
15.0 225.00 
14.5 210.25 
14.0 196.00 
1 4 . 5  210.25 
13.5 182.25 
15.0 225.00 
14.5 210.25 
15.0 225.00 
13.5 182.25 

14.5 210.25 

15.0 225.00 
14.5 210.25 
14.0 196.00 
14.0 196.00 

E X .  = 216.5 xxi2 = 3,128.75 
1 

A f t e r  management 

'i - xiz 

Solution: 

1. H : Temperatures were the same before a n d  a f t e r  the management 
0 

act ion o r  pl = p2 versus Ha: MI + ~ 2 .  

2 .  T h e l e v e l  o f  s i g n i f l c a n c e c h o s e n  i s a = 0 . 0 1 .  

3 .  The assumptions f o r  a parametr ic  t e s t  are n o t  a l l  met. I n  p a r t i -  

cul a r ,  t h e  sample s i zes  and t h e  variances a r e  n o t  equal .  Therefore ,  

the  t f - s t a t i s t i c  i s  used t o  t e s t  for differences: 



4 .  Compute t h e  c r i t i c a l  l eve l ,  tar = 1 R 2  
2 2 

s1 - 4. fz_ 

where tl has nl-1 d f  = 14 d f  and tp has n 2 - l  d f  = 9 df.  
,a 9 a 



5 .  Calculate the  t'-statistic: 

6. The computed test s t a t i s t i c  t' = 3.89 i s  greater than t h e  c r i t i c a l  

value o f  3.238. Therefore,  t h e  null hypothesis i s  rejected, and t h e  

conclusion, w i t h  99% confidence,  i s  t h a t  t h e  mean temperatures are  

d9 f f e r e n t .  

7. Use t h e  same computational procedure I f  nl = n2. 

Paired t - t e s t  

Problem: Ten t ransects  were sampled i n  order t o  estimate the  width o f  a 

stream along the  100 m length o f  a managed site, The following width  measure- 

ments (meters), taken perpendicular t o  the flow o f  the  water, were obta ined  

prior t a  the  management a c t i v i t y :  

7.1, 6.3, 7 . 6 ,  5.2, 4.3, 4 .0 ,  5 . 6 ,  5.2, 4.9, and 6 , l  

The following measurements were taken  a t  the same 10 transects after t h e  

management a c t i o n  was implemented: 

6 . 3 ,  5 . 9 ,  5.2, 3.7, 4 .2 ,  3 . 1 ,  5 . 6 ,  3.8,  4 .2 ,  and 4 . 9  



The p a f r e d  t-test i s  used t o  determine i f  the  stream w l d t h  changed 

signiflcantly after the management a c t i v i t y .  

1. The null hypothesfs is that there i s  no di f ference  in stream width 

before and a f t e r  management: Ho: pl = y versus H2: pl # p2. 2 

2 .  T h e l e v e l  o f  s i g n l f i c a n c e c h o s e n i s a = O . O 5 .  

3.  The assumptions f o r  parametric tests are met and t h e  data are paired; 

therefore, a pa i red  t-test (Snedecor and Cochran 1968) i s  used. 

4 .  The pairs are established: 

Transect Before A f te r  Difference Q e v l a t i o n  

3 
4 
5 
6 
7 
8 
9 

10  
Tota  1 



where - 9.4  _ Edi 
d = - - - -  

10 R 

5 .  t i s  computed a s :  

6. From t h e  t t ab le ,  tom 05 ,9 i s  2.26. n-1 = n i n e  degrees of freedom. 

7. The computed t o f  4.123 i s  greater t h a n  the crl ' t ical  v a l u e .  There- 

f o r e ,  the  nu1 1 hypothesis i s  rejected, and the conclusion, w i t h  a 

95% confidence 1 eve1 , i s  t h a t  t h e  means a r e  d i f f e r e n t  and t h a t  t h e  

management a c t i o n s  decreased t h e  stream width .  

W i  1 coxon Signed-Rank Test  

The W i  lcoxon signed-rank test i s  t h e  nonpararnetric analog of the paired 

t-test . 

Problem: Average depth measurements i n  t e n t h s  o f  meters were taken i n  a 

stream, a t  t h e  same s i t e s ,  before and a f t e r  management t o  d e t e r m i n e  the e f f e c t  

of  the management a c t i o n  on t h e  stream depths: 



Average depth 

Sol u t j o n :  

Sample A f t e r  B e f o r e  Qi f ference 
Signed 

rank 

1. The n u 1  1 hypothesis i s  t h a t  t h e  median (M) o f  t h e  differences between 

be fore  and a f t e r  depth measurements equals zero; t h e  alternative 

hypothesis f s t h a t  t h i s  median i s  greater than  zero. Thus, t h i s  i s  

a one-sided test: 

2. T h e l e v e l o f  s i g n i f i c a n c e c h o s e n i s a = 0 . 0 5 .  

3.  Three o f  t h e  assumptions f o r  pararnetrlc t e s t s  have been met;  however, 

a nonparametric t e s t  w i l l .  be used because the  var iances of the 

before and after measurements a re  s i g n i f i c a n t l y  d i f f e r e n t .  The 

measurements a r e  p a i r e d ,  so the Wilcoxon signed-rank test i s  used to 

calcula te  t h e  test s t a t i s t i c  (T ) .  

4 .  The d i f f e r e n c e s  between pa i red  samples are ranked fram smallest to 

largest, w i t h o u t  regard  t o  s i g n .  

5. Sum t h e  p o s l t i v e  and negat ive ranks  separately and determine t h e i r  

absof u t e  values:  



6 .  Look up t h e  tabular value  f o r  a one-tailed t e s t  i n  Appendix B a f  

this manual. This value i s  obtained by l e t t i n g  n equal the number 

o f  p a i r s  with nonzero d i f f e r e n c e s  ( W i l c o x o n  and Wilcox 1964).11 I n  

t h i s  case,  n = 7 and a = 0.05. The smaller T value (2) i s  l ess  than  

t h e  t abu la r  value o f  4; therefore, the null hypothesis i s  re jec ted .  

The c o n c l u s i o n  w i th  a 95% conf idence level  i s  t h a t  stream depths 

were greater a f ter  the management pract ices  occurred. Another  

approach f o r  u s i n g  the Wilcoxon signed-rank test i s  discussed i n  

Sokal and Rohl f (1969). 

The Mann-Whi tney U-test i s t h e  nonparametri c anal  og o f  the unpai red 

t - t e s t .  

Problem: In a s t ream t h a t  was great ly  a f f e c t e d  by l o g g i n g  a c t i v i t y ,  a 

management o b j e c t i v e  was to improve t h e  spawning habi ta t  by increas ing  t h e  

substrate sf ze. Average spawning g r a v e l  s i z e  was chosen as t h e  v a r i a b l e  t o  

measure b e f o r e  and a f t e r  management ac t ions  were initiated. 

Before 
improvement 

After 
improvement 

I IThi s reference can be obta ined f rom Ceder1 e Labora tor ies ,  Pearl River ,  N Y .  

148 



Sol u t i o n  

1. The n u l l  hypothesis for the o n e - t a i l e d  t e s t  i s  t h a t  t h e  average 

s p a w n i n g  gravel diameters  before management a re  equal t o  or greater 

than t h e  d i  ameters after  management has occurred; the a1 t e r n a t i v e  

h y p o t h e s i s  i s  t h a t  d iameters  af te r  management has occurred a r e  

grea ter  t h a n  the diameters before management. 

3. In testing t h e  data  f o r  meeting parametric assumptions, it was found 

t h a t  t h e  var iances were n o t  homogeneous. The most  commonly used 

nonparametric t e s t  for comparing two independent (unpa j red) samples 

i s  t h e  Mann-Whitney t e s t .  For t h i s  test, i t  i s  assumed that the 

data c o n s i s t  o f  two independent random samples o f  continuous 

variables. I f  n > 20, r e f e r  to Sokal and Rohlf  (1969) f o r  t h e  

proper procedure. 

4 .  Rearrange t h e  data by rankfng each sample separately: 

Number o f  observa- 
A (before B ( a f t e r  v a t i o n s  i n  A l e s s  

Rank - improvement)  i mprovernen t) t h a n  each B value 

The last column i s  calculated a s  follows, starting w i t h  t h e  f i r s t  

va lue :  

A. There are three values i n  A less t h a n  10 ( t h e  f i r s t  va lue  i n  B) 

and one value  i n  A t h a t  equals 10; there fore ,  t h e  fSrst number 

i n  t h e  l a s t  column i s  3 . 5 .  



B. There are f o u r  va lues  i n  A l e s s  than 11 and one v a l u e  i n  A t h a t  

equa ls  11 ; t h e r e f o r e ,  the second va lue i n  t h e  column i s  4.5. 

C. There are f i v e  v a l u e s  i n  A l ess  than 12 and f i v e  values i n  A 

l e s s  than  13; therefore, t h e  l a s t  t h r e e  numbers i n  t he  last 
c e l  umn are 5.  

5 .  The Mann-Whitney s t a t i s t i c  US i s  t h e  greater o f  Cornlnp-C. F o r  

t h i s  example, oln2-C = (5)(5)-23 = 2. Therefore,  US = 23. 

6 .  Locate U f a r  a one-tailed test i n  Rohlf and Sokal  (1979: 
a , b ,  ,n,) 

I L 

tab'e "0.05,(5,5) = 21. US o f  23 exceeds t h e  t a b u l a r  v a l u e  o f  

21. T h e r e f o r e ,  t h e  nu1 l hypothesis i s r e j e c t e d  and the conclus ion,  

w i t h  a 95% conf idence 1 eve1 , i s t h a t  average substrate diameter 

increased as  a r e s u l t  o f  management a c t i o n s .  

One-wav A n l v s i s  o f  Variance 

Problem: The v e l o c i t y  o f  a stream was determined t o  be t o o  l o w  f o r  good 

f i  sh spawnf ng h a b i t a t .  Stream improvement devices were i n s t a l  l ed  on a s e c t i o n  

o f  the stream i n  an attempt t o  increase v e l o c i t y .  V e l o c i t y  measurements were 

t a k e n  a t  one s i t e  w i t h i n  t h e  s t ream improvement area be fo re  t he  management 

a c t i o n s  occurred and a t  t w o  d i f f e r e n t  s i t e s  wi thSn the area after suff ic ient  

time lapsed f o r  management a c t i o n s  to be e f f e c t i v e .  



Rep1 i c a t e s  B e f o r e  management A f t e r  management 

t S i t e  1 S i t e  2 S i t e  3 

EXi 2.2 5.2 5.0 
- 
X 0.314 0 .743  0.714 

s 0.0181 0.0295 0.0248 

The grand t o t a l  of a l d  observa t ions  i s  12.4; the grand mean = 0.590. 

Sol u t i o n :  

1 .  The n u l l  hypothesis (Ho) i s  t h a t  t h e  means a t  a1 1 s i t e s  are equal : 
- Ho = pY The a1 t e r n a t i v e  hypothesis (Ha)  i s  t h a t  the mean 

o f  a t  l e a s t  one site i s  different from t he  means of t h e  o the r  s i t e s ;  

i n  part icular ,  1.9 = v3 + vl. 

3 .  All o f  the assumptions f o r  parametric t e s t s  have been met, and t he  

p a r a m e t r i c  anlysis o f  yar iance ANOVA test will be used to t e s t  f o r  

differences. 

4 .  Calculate the grand t o t a l  for  a l l  o f  t h e  observations squared: 



5. Div ide  t h e  sum of t h e  squared s i t e  totals by the  number o f  rep1 i c a t e  

samples: 

6.  Calculate c o r r e c t i o n  term CT = grand t o t a l  squared and d i v i d e d  by 

t h e  t o t a l  sample s i z e :  

'- " ~ o t a l  = q u a n t i t y  f r o m  Step 4 - CT 

= 8.56 - 7.322 = 1.238 

8 m  " ~ r o u ~ s  = q u a n t l t y  f r o m  Step 5 - CT 

= 8.126 - 7.322 = 0.804 

10. Prepare t h e  ANOVA Table: 



Variation d f SS MS F-val ue 

Between sStes a-1 = 2 ' ' ~ r o u ~ s  = 0.804 " ~ r o u p s  = 402 
a-1 

Om402 - 16.75 0.024 

W i t h i n  s i t e s  a(n-1) = 18 SSWithin - - 0.434 ' '~i  thin = 024 
(error)  a(n-1) 

where a = number o f  s i t e s  
n = number o f  samples w l t h f n  each s i t e  

11. The nu71 hypothesis Ss r e j e c t e d  b e c a u s e t h e c o m p u t e d F t e s t s t a t i s t i c  

o f  16.75 i s  greater than  the tabular  F value o f  3 . 5 5 .  The conclu- 
r j o n ,  w i t h  a t  least  a 95% confidence l eve l ,  i s  t h a t  the  mean v e l o c i -  

t i e s  for the t h r e e  s i t e s  are unequal. (In t h i s  example, t h i s  t e s t  

i s  s i g n i f i c a n t  a t  a greater t han  1% confidence level ] .  

12. The next  step i s  t o  determine which s i t e s  d i f f e r  f rom which o t h e r  

s i t e s .  It was assumed t h a t  Site 1 would be d i f f e r e n t  from S i  t e r  2 

and 3 and t h a t  S i t e s  2 and 3 would be the same; t h e r e f o r e ,  an 4 
priori comparison i s  used. 

13. The level of s ign i f icance  chosen i s  a = 0.05. 

14. Determine the  s p e c i f i c  palr-wise compari sons. In t h i s  care,  t h e r e  

are t h r e e  cornparlsons: S i t e  1 v s ,  2; S i t e  1 vs. 3 ;  and S i t e  2 vs,  

3. 



15. Calculate  the  Least S i g n i f i c a n t  Different Term (any  p a i r - w i  se 

d i f f e rence  i n  means t h a t  exceeds t h i s  term i s  considered 

s i g n i f i c a n t ) :  

LSD = t a , ( d f )  J MSwi  th in  

where a = 0.05 

16. Ca'lcul a t e  the differences between means and compare these differences 

t o  t he  LSD va 1 ue : 

I n  t h i s  example, t h e  f i r s t  two  sets  o f  means are s igni f icant ly  

d i f f e r e n t  because the dif ferences exceed t h e  LSD value  o f  0.174. 

The conclur.lon i s  t h a t ,  f o r  both s i t e s ,  t h e  means are s i g n i f i c a n t l y  

d i f f e r e n t  than the mean f o r  t h e  "before" management condi t ion .  

Means for the two  s i t e s  a f t e r  management ac t ions  occurred were n o t  

s ignif icant ly  di f ferent  f r o m  each o t h e r .  The Student-Newman-Keuls 

test (Sokal and Roh l f  19693 can a l s o  be used f o r  multiple cornpar- 

i s o n s  of means. 



17. More complex comparisons are  a l s o  p o s s i b l e ;  i n  t h i s  example, t h e  

average of S i t e  2 and 3 means are compared t o  the mean o f  S i t e  1: 

- 
d i f f  =I(xZ + Y3)/2 - xll 

Th is  3 s  a l i n e a r  combination o f  means, as are the pairnise cornpar- 

i s o n s .  The var iance o f  each mean i s  s2 = (MSWi thi n)/n. The variance 

o f  a linear combinat ion i s  the sum o f  the squared c o e f f i c i e n t  m u l t i -  

plying each mean times t he  v a r i a n c e  of t h a t  mean. I n  t h i s  example: 

MS~i t h i  n + ( .  25) =(.25) MS~i t h i  n MS~i t h i  n 
n * ( I )  n 

MS~i t h i n  = [ ( . 2 5 ) + ( . 2 5 ) + 1 ]  

= 1.5 MS~i t h i  n 
n 

The t e s t  s t a t f s t i c  [it h a s  a t - d i s t r i b u t i o n  w i t h  a([-1)df; t h f s  i s  

the d f  o f  t he  MSWithin] i s :  



t =  d i f f  

The critical level (two-tailed) i s  t 0.05,(18) = 2.101. The computed 

t e s t  va lue  o f  5.788 exceeds 2.101; therefore, t h e  c o n c l u s i o n  is t h a t  

the average o f  S i t e s  2 and 3 d i f f e r s  f r o m  the average for Site 1. 

Because t he  averages f o r  S i t e s  2 and 3 do n o t  d i f f e r  significantly 

from each o the r ,  the  assumption can be made t h a t  a l l  t h e  s i g n i f i c a n t  

difference suggested by t h e  F - t e s t  represents b e f o r e  v s .  after 

management c o n d i t i o n s .  Note  t h a t ,  i n  t h e  absence o f  a control  s i t e ,  

t h e  conclusion t h a t  management caused the increased v e l o c i t y  cannot 

be made on the b a s i s  o f  statistics alone. 

Kruskaf-Wallace Nonpararnetr ic  Test for One-Way ANOVA (Soka l  and R o h l f  1969).  

Problem: The prob lem i s  the same one used t o  illustrate t h e  one-way 

analysis f o r  var iance  b u t  i t  i s  assumed t h a t  requirements f a r  a paramet r ic  

t e s t  are n o t  met. Assemble t h e  data f rom a l l  three s i t e s  i n  one array, 

starting wi th  t h e  l o w e s t  va lue and ending w i t h  t h e  highest: 

Velocity Velocity V e l o c i t y  
measurement Rank measurement Rank measurement Rank - 



Ranks fo r  equal data va lues  are determined by averaging t h e  p o s i t i o n s  

o f  the equal values; e . g . ,  t h e  r a n k s  fo r  t h e  t h i r d  and f o u r t h  va lues  

a r e :  

The X values i n d i c a t e  t h e  number o f  t i e d  o b s e r v a t j o n s .  These are -I 
denoted as t i n  t h e  f o l  lowing equat ions. Prepare a tab le  w i th  

j 
ranks  replacing t h e  o r i g i n a l  observat ions i n  each da ta  s e t :  

Be fo re  
management 

S i t e  1 
Af te r  management 

S i t e  2 S i t e  3 

Sol u t i o n  

1. Ho: T h e e x p e c t e d r n e a n s f o r t h e t h r e e s i t e s a r e t h e s a m e .  

Ha: The expected means for  t he  t h r e e  s i t e s  are d i f f e r e n t .  

2. Select a = 0.05. 



Sum o f  squared 

3 .  Compute H = column totals 
n 

where N = t o t a l  number o f  observat ions for  a l l  data s e t s  

n = number o f  o b s e r v a t j o n s  per sample s i t e  

4 .  Compute correction term f o r  H t o  compensate f o r  t i e d  values: 

Sum of (tj-1) t .I .(t. .I +1) 

P = l -  f o r  each- s e t  o f  t i e d  values 
(N-13 CW (N+1) 

where t = number i n  each se t  o f  t i e d  v a l u e s ,  shown as,  e . g .  2 . 
j I n  t h i s  example, t h e r e  are seven s e t s  o f  t i e d  val ues. 



6. Because H i s  approxfmately distributed as  a chi-square variable, the 
2 t a b l e  value o f  x 0.05,a-1 i s  obtained where a = number o f  columns o r  

2 data  s e t s  r 0,05,2 = 5.991. 

- Because t h e  computed value o f  H = 13.11 is greater than xO*  05,2 - 
5.991, t h e  nu1 1 hypothesis i s  rejected, and t he  conclusion, w i t h  a t  

l e a s t  a 95% conf idence l eve l ,  i s t h a t  t h e  v e l o c i t y  increased af ter  
management actions occurred. Again ,  w i t h o u t  a control s i t e ,  t h e  

concl usion that  t h e  increased vel a c i  ty resulted from t h e  management 

a c t i o n  cannot be reached on a purely statistical basis.  T h i s  

c o n c l  u s i o n  may be,  however, quite reasonable f r o m  a b i  ol a g i  ca l  

viewpoint. 

Parametr ic  Two-Way ANOVA Withou t  Replication 

Problem: Pool-riffle rat ios  were measured i n  three l o c a t i o n s  i n  a stream. 

Two s i t e s  were s p a t i a l  controls and t h e  t h i r d  s i t e  received special management 

designed t o  increase t h e  number o f  pools .  The sample data  taken a f t e r  manage- 

ment occurred are summarized be? ow: 

15 May 17 Aug 13 Sep 

S i t e  
2 2 2 2 2 Xi XI Xi Xi Xi Xi Xi Xi Xi Xi Xi x ~ ~ I B X ~  

l(Contro1) 15 225 20 400 20 400 25 625 30 900 30 900 

2cManaged) 35 1225 35 1225 40 1600 40 1600 45 2025 55 3025 

S(Contro1) - -  15 225 15 225 - 20 400 3 625 25 625 30 900 

Totals 65 1675 70 1850 80 2400 90 2850 100 3550 115 4825 

140 

250 

130 

zXi = 520 

I X ~ ~  = 17150 



Row means: 

14D - Control 1 = - - 23.333 6 

Management = - 250 - - 41.667 6 

130 Control 2 = - = 21.667 6 

Mean o f  Control Means = 22.5 

S o l u t i o n :  

1. H o :  Sarnpl ing periods and t r e a t m e n t s  have no a f f e c t  on pool-riffle 

r a t i o s .  

Ha: Sampl ing  periods o r  treatments o r  both  a f f e c t  pool-riffle 

r a t i o s .  

2. The level  o f  s i g n i f i c a n c e  i s  a = D . 0 5 .  A l l  assumptions for  a para- 

m e t r i c  t e s t  are met and t h e  two-way ANOVA t e s t  i s  selected. 

3.  Sumthe  values for  a l l  measurements; i . e . ,  1 5 + 2 0 + 2 0 + .  . . + 

25 + 30 = 520. 

4 .  Sum a l l  the  squared measurements; i . e . ,  225 + 400 + . . . + 625 + 

900 = 17,150. 

5. Sum the squared column t o t a l s ,  and d i v i d e  t h e  sum by the sample s i z e  

f o r  the columns ( i . e .  , t h e  number o f  " t rea tments" )  : 



6 .  Sum t h e  squared row totals and d iv ide  by t h e  sample s i z e  for  t he  row 

( ! . e m ,  t h e  number o f  sampling t l m e s ) :  

7, Compute t h e  correction term, CT, by squaring t h e  grand t o t a l  and 

dividing t h e  square by t o t a l  sample s i z e :  

8. Compute SSTotal = Quan t i t y  4 - CT 

= 17,150 - 15,022.222 = 2,127.778 

9 .  Compute SSCo, umns = Q u a n t i t y  5 - CT 

= 15,616.667 - 15,022.222 = 594.445 

10.  Compute SSR = Quantity 6 - CT 
OWS 

= 16,500 - 15,022.222 = 1,477.778 

11. Compute SSErro, = SSTotal - ''columns - ''ROWS 

= 2,127.778 - 594,455 - 1,477.778 = 55.545 



12. Prepare ANOVA Table 

Source o f  
va r ia t l ;  en d f SS MS F-val  ue 

Days 
(Column SS) c - 1  = 5 594.44 118.89 21.38*** 

Treatments 
(Row SS) r-1 = 2 1,477.78 738.89 132.89*** 

SS error (c-l)(r-1) = 10 55.56 5.56 

SS non- 

addi t i v i t y a  1 6.50 6.50 1.19~ 

Residual SS 9 49-06' 5.45 

F ~ .  05, (2,lo) = 4-10 F0.05,(1,9) 
= 5.12 for SSNonadd and ' '~es idual  

a The F-value f o r  n o n a d d i t i v i t y  i s  i n s i g n i f i c a n t  when compared t o  

F0.05,(1,9) = 5.12. T h i s  t e s t  c o n f i r m s  t h a t  t h e  e f f e c t s  o f  t i m e  

and t r e a t m e n t s  are a d d i t i v e ,  which i s  a p r e r e q u i s i t e  f o r  t h e  ANOVA 
t e s t .  I f  s i g n i f i c a n c e  i s  d e t e c t e d ,  i t  may mean t h a t  a da ta  trans- 
format ion i s  necessary (Snedecor and Cochran 1968). Compu ta t i ons  

fo r  the 5 S ~ o n a d d i t i v i t y  are i n  Appendix C. 

13. The n u 1  1 hypothesis i s  rejected ,  and the conclusion, w i t h  a 99.9% 

conf idence l e v e l ,  i s  t h a t  sampling per iods  and t reatments both 

a f f e c t  poo l  -riff1 e r a t i o s .  The re fo re ,  t h e  management a c t !  ons 

inc reased  t h e  p o o l - r i f f l e  r a t i o s ,  and t h e  +improvement i n  t h e  r a t i o  

persisted over t ime .  



14. Calculate the management e f f e c t  by s u b t r a c t i n g  t h e  mean of the 

cont ro l  means f rom t h e  management mean; i . e . ,  41.667 - 22.500 = 
19.167. Thi s represents t h e  rnagni tude by whi ch management a c t i o n s  

increased the p o o l - r i  f f l e  ratio (approximately doubled i n  thi s 

exampl e )  . 

15. A t-test can be appl  i e d  t o  confirm the conc lus ion  tha t  management 

a f f e c t e d  the  pool-riffle r a t i o .  

A. Calcula te  t h e  var- iance o f  t h e  management e f f e c t :  

where n = number o f  observations a t  each sampling s i t e  

m = number of treatment ("managed") sites 

s = number o f  control  s i tes  

MS = Error MS from t h e  ANOVA t a b l e  

B. Standard error o f  the  management e f f e c t  = 1 1 , 3 9 0  = 1.179. 

.Management e f f e c t  
= Standard error o f  management e f f e c t  

The degrees o f  freedom o f  t h i s ,  or  any, t-test are t h e  same as 

t he  degrees o f  freedom as soc i a t ed  w i t h  t h e  e s t i m a t e  o f  t h e  

standard error  used i n  the denominator. Degrees o f  freedom are 



g i v e n  i n  t h e  ANOVA t a b l e  f o r  t h i s  t e s t ;  i n  t h i s  example, t h e r e  

a r e  10 d f .  From a  t - d i s t r i b u t i o n  t a b l e ,  t h e  5% c r i t i c a l  v a l u e  

f o r  10 d f  i s. to. 05, = 2.288.  Because 16.25 exceeds 2.228,  i t  

i s  c o n f i r m e d ,  w i t h  a t  l e a s t  95% c o n f i d e n c e ,  t h a t  t h e  management 

a c t i o n s  improved p o o l  c o n d i t i o n s  ( a c t u a l  s i g n i f i c a n c e  l e v e l  o f  

t h i s  t e s t  i s  much b e t t e r  t h a n  5%). 

Nonpa ramet r i c  Two-Way ANOVA W i t h o u t  R e p l i c a t i o n  

Problem: The p rob lem i s  t h e  same as t h e  above example w h i c h  used t h e  

p a r a m e t r i c  two-way ANOVA w i t h o u t  r e p l i c a t i o n .  

The summarized d a t a  and t h e i r  r a n k s  w i t h i n  each p e r i o d  a r e :  

S i t e  1 
P e r i o d  C o n t r o l  Rank 

S i t e  2 
Management Rank 

S i t e  3  
C o n t r o l  Rank 

15  May 15 1 .5  3  5 3  

16 Jun  20 2 . 0  3  5  3  

14  J u l  20 1.5 40 3  

17 Aug 2  5  1 . 5  4 0  3  

13 Sep 3  0  2.0 45 3  

15 O c t  30 1 . 5  5  5 - 3  

Rank sums 
o v e r  p e r i o d s  10 .0  

The d a t a  a r e  p r e s e n t e d  b y  p e r i o d  and b y  t r e a t m e n t  (sample s i t e ) ,  

e x a c t l y  as  i n  t h e  p a r a m e t r i c  a n a l y s i s .  Each v a l u e  i s  ranked  a c r o s s  

t r e a t m e n t s  w i t h i n  p e r i o d s  ( " b l o c k s " ,  i n  s t a t i s t i c a l  t e r m i n o l o g y ) .  

I n  t h i s  example, t h e r e  a r e  t h r e e  sample s i t e s ,  and r a n k i n g  i s  easy .  

These r a n k s  r e p l a c e  t h e  o r i g i n a l  d a t a .  When t i e s  o c c u r  w i t h i n  



periods, the  ranks are averaged. For example, I n  t he  period 15 May 

the t w o  controls are  t i e d  fo r  ranks 1 and 2. Therefore, both ranks 

equal 1.5. 

Next,  sum t h e  ranks w i t h i n  each sample r i t e .  For example, t h e  sum 

o f  t h e  ranks f o r  the management s i t e  i s  18. 

S o l u t i o n :  

1. Ho: Pool-riffle ratios for the three s i t e s  are t h e  same. 

H : Poo l - r i f f l e  ratios fo r  t h e  three s i t e s  are n e t  t h e  same. a 

2. Let a = 0.05. Friedman's method (Sokal and R o h l f  1969), which 
2 employs a chl-square ( x  1 test statistic, will be used. 

2 3. Compute x as:  

Total o f  the  squared _ 3b(a+l) [ ] [ rank sums 1 
where a = number o f  treatments (sample s i t e s  = 3 )  

b = number of sample s i t e s  (l . e m ,  blocks) 

In t h i s  example, t h i s  test s t a t i s t i c  i s :  



4 .  T h i s  t e s t  s t a t i s t i c  has a ch i -squared d i s t r i b u t i o n  w i t h  a-1 df under 

t h e  n u l l  hypothes is .  In t h i s  example, us ing  a = 0.05, t h e  c r i t i c a l  

l e v e l  i s  x ~ ~ * ~ ~ , ~ - ~  - - YZ0 .05 ,2  = 5 . 9 9 .  Because t h e  calculated value  

o f  x2 = 9.35 i s  greater than the c r i t i ca l  v a l u e ,  t h e  n u l l  hypothes is  

i s  rejected, and the conc'lusion, w i t h  a 95% conf idence l e v e l ,  i s  

t h a t  there i s  a d i f f e r e n c e  i n  t h e  p o o l - r i f f l e  r a t i o s  among t he  t h ree  

s i t e s .  The assumpt ion  i s  made, based on t h e  study d e s i g n  and an 

i n s p e c t i o n  o f  the means, t h a t  t h e  change i n  r a t i o s  resulted from t h e  

management a c t i  ons. 

Parametric Two-Way ANOVA w i t h  R e p l i c a t i o n  

Before  A f t e r  

19 44 

Management 15 40 

To ta l  s 

Control 

Totals 

Grand t o t a  1  s 

1 .  Ho: Management had no e f f e c t  on b iomass  c h a n g e s .  

Ha: Management a f f e c t e d  biomass changes. 



2. The l eve l  o f  s i g n i f i c a n c e  i s  cr = 0.05. 

3. Sum a l l  the data  values ;  e .g . ,  19 + 15 + 14 + . . . + 33 = 339. 

2 2 4 .  Sum t he  squares of a l l  of t h e d a t a  values;,e.g., 1 g 2 +  15 + 1 4  + .  

. . + 33'= 10,719. 

5. Square and add t h e  sums of a1 1 of t h e  values i n  each d a t a  set and 

dfvide t h e  square o f  the sums by n, where n = t h e  number o f  observa- 

tf ons p e r  cel  I .  

6 .  Compute t h e  correction term, CT: 

Grand total) 2 
CT = ( r c n  

where r = number of rows 

c = number of columns 

n = number o f  observat ions p e r  cel l  

" ~ o t a l  = Quanti ty f r o m  Step  4 - CT 

= 10,719 - 9,576.75 
= 1,142.25 



'' ''subgroup = Sum f rom Step  5 - CT 

= 10,665 - 9,576.75 

10. Prepare prel iminary ANOVA t a b 1  e :  

V a r i a t i o n  d f SS MS F - r a t i o  

SS~ubgroup rc-I = 3 1,088.25 362.75 53 .74  

''~i thin rc(n-1) = 8 54.00 6.75 

rcn-l = 11 1,142.25 

The tabular F 0.05,(3,8) = 4.07. Because 53.74 > 4.07, i t  1s  very 

reasenable to assume t h a t  some e f f e c t  i s  i n f l uenc ing  subgroup means 

and t h a t  additional testing i s  necessary. 

11. Square the row t o t a l s  f o r  the t r e a t m e n t s  and controls,  sum these 

squares, and divide t h i  s sum by cn 

where c = columns 

n = observa t ions  per c e l l  



12. Square the column t o t a l s  f o r  before  and after  periods and d iv ide  the 
square by nr 

where r = number of rows = 2 

13. S S ~ o w s  
(SS due t o  treatment v s .  contro l )  

= Q u a n t i t y  11 - CT 

= 9,577.5 - 9,576.75 
= 0.75 

l4 .  ''columns ( S S  due t o  t i m e )  

= Quantity for Step  12 - CT 

15. S S ~ n t e r a c t i o n  [SS due to t i m e  X ( t r e a t m e n t  + control)] 

- - - " ~ u b ~ r o u ~  " S s ~ o w s  SS~ol umns 

= 1,088.25 - 0.75 - 918.75 



16. Completed ANOVATab le  

V a r i a t i o n  d f SS MS F-va 1 ue 

Subgroup rc-1 = 3 1,088.25 263 - 7 5  

Rows r-1 = 1 0.75 0.75 

Col urnns c-1 = 1 918.75 918.75 

u I n t e r a c t i o n  (r-1)(c-1) = 1 168.75 168.75 25 .OO* 

E r r o r  rc(n-1) = 8 54.00 6.75 

Tabular F f o r  i n t e r a c t i o n  = F 0.05,(1,8) = 5.32 

17. Because t h e  computed F f o r  i n t e r a c t i o n  > 5.32, t h e  nu1 1 hypothesis  

i s  rejected, and i t  -is concluded t h a t  t h e  management ac t ions  d id  

a f f e c t  t h e  biomass,  

18. E s t i m a t e  t h e  e f f e c t s  o f  natural environmental changes over time (T), 
t h e  n a t u r a l  between-s i te  v a r i a t i o n  I S )  o f  biomass, and t h e  e f f e c t s  

r e s u l t i n g  f rom management a c t i o n  (M) . 

A. Env i ronmen ta l  chanoes 

Ho: The n a t u r a l l y  occurring env i ronmen ta l  changes o v e r  t i m e  d i d  n o t  

a f f e c t  biomass.  

Ha: The naturally o c c u r r i n g  env i ronmen ta l  changes over t i m e  

did a f f e c t  b iomass.  



T e s t  a t  a = 0.5; t0*05,8df = 2.306. 

where t h e r e  ase 8 df  f o r  t h e  error i n  t h e  ANOVA Table (S tep  16).  

- 
The env i ronmen ta l  e f f e c t  = E = xCA - XCB = 33 - 23 = 10 

- 
where XCA = t h e  mean f o r  t h e  c o n t r o l  s i t e  a f t e r  management 

- 
XCB = t h e  mean f o r  t h e  c o n t r o l  s i t e  b e f o r e  management 

Therefore ,  t h e  b iomass was changed by 10 u n i t s  a s  a result o f  

envfronmental e f f e c t s .  

2 EMS - 2(6.751 = 4.5 = var(E) V a r i a n c e  for E = - - n 3 

where EMS = MS for  t h e  error i n  t h e  ANOVA Table (Step 16) 

2 = number of  means considered 

Standard error f o r  E i s  se(E)  = = m= 2.12 

Compute t s t a t i s t i c  f o r  test: = 10 = 4 . 7 2  
se(E) 2.12 

Because t h e  computed t o f  4.72 > 2.306, t h e  nu1 1 h y p o t h e s i s  i s  

r e j ec ted ,  and t h e  conclusion i s  t h a t  environmental changes over 

t ime,  unrelated to the  management actions, d id  a f f e c t  biomass. 

B. N a t u r a l  between-s i te  var i a t ion  

Ho: Site d i f f e r e n c e s  d id  n o t  a f f e c t  b iomass.  

Ha: Site differences d id  a f f e c t  biomass. 



T e s t  a t  u = 0.05; t0.05,8df = 2.306 

- 
S i t e  e f f e c t  = S = XMB - 'CB 

where XMB = t h e  mean f o r  the t r e a t m e n t  s i t e  before management 
- 
XCB = t h e  mean f o r  t h e  cont ro l  s i t e  before management 

= 16 - 23 = -7 

2 EMS - Z ( 6 . 7 5 )  - 4 * 5  Var iance  f o r  S = - - 3 3 
- 

Standard  e r r o r  f o r  S = 4.5 = 2.12 

S - -7 Compute t s t a t i s t i c  f o r  t e s t :  - - - = -3.30 
se(S) 2.12 

Because t h e  computed t s t a t i s t i c  o f  -3.30 < -2.306, t he  null 

hypothesis  i s  r e j ec ted ,  and i t  is concluded t h a t  n a t u r a l  s i t e  

v a r i a t i o n  d i d  a f f e c t  b i  ornass. 

Management e f f e c t s  

tio: Management a c t i o n s  d id  n o t  a f f e c t  b iomass over t i m e .  

Ha: Management a c t i o n s  d i d  a f f e c t  biomass over t i m e .  

Use t h e  same a and t a b u l a r  t a s  fo r  t h e  p r e v i o u s  tests; i . e . ,  

2.306. 

- - 
Management e f f e c t  = M = (xMA - XMB) - (KC* - X C B ) #  



In t h i s  example, M = (41-16) - (33-23) = 25-10 = 15. M can 

a l s o  be computed as:  

where XMA = t h e  mean f o r  t h e  management s i t e  a f t e r  management 

There fo re ,  there was a 15 u n i t  i nc rease  i n  b iomass due t o  

management ac t i ons .  

4 (EMS) - 4(6.75) - 
V a r i a n c e f o r M =  - 3 

where 4 i s  a f a c t o r  i n d i c a t i n g  t h a t  f o u r  means are be ing  
compared 

t h e  standard error f o r  M = se(M) = f i=  3. 

1 2  

Compute t statistic: L= @ =  5. 
se(M) 3 

The null hypothes is  i s  rejected, and the conclusion i s  t h a t  

management actions d id  resu l t  f n an increase in b iomass .  

Because there are  control samples, i t  i s  v a l i d  to conclude t h a t  

management had a causal e f f e c t  on bfomass changes. 

F o r  t h i s  t e s t ,  t h e  e f f e c t s  of management, environment, and s i t e  

variation were evaluated. The following three  study designs 

can be used t o  estlmate e f f e c t s ,  as i n d i c a t e d  below: 

"Note t h a t  t h i s  tZ = t h e  F-val ue f o r  i n t e r a c t i o n .  



Estirnatabl e e f f e c t s  

Premanaaemen t Postmanaaernen t 

Management s i t e  Yes Yes 
Management, e n v i r o n -  
ment,  and s i t e .  

Control site Yes Yes 

Premanagernent Postmanagement 

Management s i t e  No Yes 
The sum o f  manage- 
ment and s i t e  

Control s i t e  No Yes  e f f e c t s  ( n o  
pr@management 
sampling done). 

Premanagement Postmanagement 

Management s i t e  Yes Yes 
The sum o f  manage- 
ment and envl  r o n -  

Control s i t e  Na No mental e f fec ts  
( n o  control s i t e s  
samp 1 ed) 

F i xed -s i t e ,  Pre-, and Posteva lua t ion  o f  Management Act ions 

T h i s  i s  a very useful type o f  study design.  Assume e i g h t  stream s i t e s  

a r e  evaluated.  The e i g h t  s i t e s  should be s e l e c t e d  randomly f r o m  a larger - s e t  

of p o s s i b l e  s i t e s  i n  t h e  area o f  i n t e r e s t  so t h a t  v a l i d  in ferences can be made 

f a r  t h f  s l a r g e r  a r e a .  The s i t e s  can be on e i g h t  d i f f e r e n t  streams a f  t h e  same 

type i n  the same general area,  on one stream, or as s e t s  o f  control and 

treatment s i t e s  on four streams. Management ( t reatment)  a c t i v i t i e s  should be 

applied to f o u r  randomly sef ected  s i t e s  out o f  the eight s i t e s .  



Assume t h a t  t h e  study objective i s  t o  i n c r e a s e  the p o p u l a t i o n  of catchable 

s p o r t  f i sh .  T h e r e f o r e ,  a premanagement e s t i m a t e  o f  population s i z e  mus t  be 

made a t  each s i t e  be fo re  management a c t i o n s  occur. Control s i t e s  are estab- 

lished so t h a t  any n a t u r a l  changes i n  f i s h  numbers can be documented. A f t e r  

s u f f i c i e n t  t i m e  has passed f o r  management e f f e c t s  t o  occur, t h e  e i g h t  s i t e s  

are resampled. 

Accurate  population estimates are assumed. Acceptance o f  t h i s  assumpt ion 

means that the w i t h i n - s i t e  sampling var iances o f  t h e s e  e s t i m a t e s  are n o t  

considered re1 evant .  

(The d a t a  i s  arranged by sample s i t e  order): 

S i t e  - Premanagement Postmanagement D i f f e r e n c e  

1 100 132 32 

2 132 140 8 

3 157 185 28 

4 2135 230 25 

Control 

6 
Treatment  

7 

1. Compute t h e  d i f f e r e n c e  f o r  each pair  a s  t h e  post- minus the premanagement 

abundance. These d i f f e r e n c e s  r e f l e c t  t i m e  p l u s  management e f f e c t s  f o r  

treatment s i t e s .  For the control s i t e s ,  t h e  djfferences re f lec t  on ly  

t ime effects. Compute t he  means and standard dev f  a t i o n s  f o r  t h e s e  two 

sets  o f  values: 

C o n t r o l ,  Xc  

Treatment ,  KT 

Mean 

23.25 



2. The null hupothesis, Ho: there was no treatment e f f e c t ,  i s  tested a g a i n s t  

the one-sided alternative Ha: treatment resul ted  i n  an i n c r e a s e  i n  t he  

number o f  catchable f i s h .  A one-sided t-test i s  used: 

- 
The t r e a t m e n t  e f f e c t  = KT - Xc = 49.50 - 23 .25  = 2 6 . 3 5  

The standard error of t h i s  t r e a t m e n t  e f f e c t  i s :  

where nc = number o f  control s i t e s  

n-,. = number o f  treated s i t e s  - (" - " = 4) .  

In t h i s  example: 

= 4 62.97 = 7.93 

3 .  The t - t e s t  s t a t i s t i c  i s :  

The df = nc + nT - 2 = 6 in this example. The critical level f o r  an 

a = 0.05 level one-tailed t-test i s :  

The computed value o f  3.31 exceeds the tabular v a l u e  o f  1.943. T h e r e f o r e ,  

Ho i s  rejected, and the cancl us ion  i s  t h a t  management a c t i o n s  resulted i n  

an increase i n  the c a t c h a b l e  f i sh population. (The actual sl 'gnif  i cance  

level of t h i s  t e s t  i s  much better than a = 0.05). 



4.  The t e s t  f o r  a time effect i s  a l so  a t - test  (two-sided) w i t h  nc + n T -  1 

d f :  (recall t h a t  Xc i s  the mean o f  t h e  d i f f e r e n c e s  i n  f i s h  abundance i n  

t h e  control s i t e s  before and after management ac t i ons )  : 

The c r i t i c a l  l eve l  i s  t0*05,6 = 2.447. Therefore, the c o n c l u s i o n  i s  t h a t  

t h e r e  were s i g n i f i c a n t  tlrrne e f f e c t s  on t h e  s i t e  o f  t he  catchable f i s h  

popu la t i on .  

Even i f  the  management t r e a t m e n t  had no e f f e c t  on f i s h  populat ions,  t h e  

p r e -  and pos tcornpar ison o f  responses of t he  f o u r  t r e a t e d  s i t e s  would have 

shown a s i g n i f i c a n t  i n c r e a s e  i n  catchable f i s h  due t o  t ime ef fects .  T h i s  

example illustrates t he  need f o r  c o n t r o l s  i n  l o n g  term env i ronmen ta l  

s tud ies .  

5. G iven random assignment o f  t reatments,  there should be no difference 

between t h e  expected abundance i n  t h e  premanagement c o n t r o l  s i t e s  and i n  

the treated s i t e s .  T h i s  i s  t e s t e d  w i t h  an unpaired, two -s ided  t-test, 

computed t h e  same as was t h e  t e s t  i n  Steps 2 and 3, above. R e l e v a n t  

summary s t a t i s t i c s  use on ly  premanagement data :  



Mean s2 s 

Control  (n=4) 148.5 1963.0 44.30 

pooled (n=8) 148.1 2494.4 49.94 

I t  i s  c l e a r  there is no d i f f e r e n c e  i n  means between t he  t w o  groups o f  

s i t e s  ( t h e  ac tua l  t va lue  i s  0.02; 6 d f ) .  

G iven t h a t  t h e  control and treated s i t e s  are, on t h e  average,  Ident ica l  

with r e s p e c t  t o  t h e  abundance o f  catchable f i s h ,  prior to management 

a c t i v i t i e s ,  i t  i s  v a l i d  t o  j u s t  compare t h e  portmanagement measurements 

to es t imate ,  and t e s t  f o r ,  t r e a t m e n t  e f f e c t s .  The problem w i t h  t h i s  

approach 1 s  t h a t  i t  lacks s e n s i t f v i t y  because t h e  b e n e f i t s  o f  u s i n g  f i x e d  

s i t e s  (i . e . ,  the pa i r ing  o f  the pre- and postmanagement measurements) are 
l o s t .  The large,  natural, s i t e - t o - s i t e  v a r i a t i o n  obscures t h e  s i g n i f -  

i c a n c e  o f  any management e f f e c t .  

From the above, t h e  pooled e s t i m a t e  o f  t h e  s t a n d a r d  d e v i a t i o n  o f  the pre- 

and portmanagement d i f f e rences  i s :  

The standard deviation i n  prernanagement measurements a c r o s s  a1 1 e igh t  

s i t e s  i s  49.94. The " p a i r i n g "  e f f e c t  o f  pre- and postmeasurements on t h e  

same s i t e  greatly reduces the v a r i a t i o n  i n  the expe r imen t  results .  

The u n p a i r e d  t-test, whlch does  n o t  i n v o l v e  the use of t he  pret~eatment 

data, uses t h e  f o l  1 owing s t a t 1  s t i c s  (based on postmanagement data o n l y )  : 



Contro l  (PC) 

Treatment (KT) 

Mean s s - 

171.8 21352.3 45.3 

The v a l i d ,  b u t  very inefficient, t-test f o r  a treatment e f f e c t  is: 

This c a l c u l a t i o n  has 6 df and is one-sided, but it i s  n o t  s i g n i f i c a n t .  

Even though management significantly increased the abundance o f  catchable 

f i  sh, t h i s  f a c t  wauld. not be proven w i t h o u t  the i n c l u s i o n  o f  pretreatment 

data. 

In t h i  s example, t h e  estimated treatment e f f e c t  f s 26.25 more catchable 
f i s h .  This relative increase may n o t  be appl icab le  to other areas because 

the management e f f e c t  o f t e n  depends on the i n i t i a l  s i z e  of the population. 

A better way t o  express t h e  t rea tment  e f f e c t  may be as t h e  percent change 

re1 ative to "basel f net' c o n d i t i o n s  . Base1 i ne c o n d i t i o n  i s t h e  average 
number o f  f i s h  i n  t h e  treatment s i t e  prior to treatment (147.8 i n  this 

example). If i t  i s  known, o r  assumed, t h a t  there  i s  no d i f f e r e n c e  between 

control and treatment s i t e s  prior to treatment, the est imate  o f  relative 

treatment e f f e c t  i s  based on the average pretreatment value (148.1 i n  

t h l  s exampl e) . 

The estimated percent relative increase I n  catchable f i s h  in this example 

1 s: 



Point 8 below fu r the r  illustrates t h e  b e n e f i t s  o f  f i x e d  s i t e s  (i . e m ,  pre- 

and pos t -  " p a i r i n g " ) ;  t h i s  material requires use of a more complex 

statistical concep t .  

F i r s t ,  c o n s i d e r  what results f rom analyzing all of the d a t a  w i t h  a two-way 

ANOVA w i t h  rep1 ica t ion.  T h i s  analysis t i  1 lustrated earlier i n  this 

chapter) i s  appropriate when there are no f i xed  s i t e s .  In this case,  a 
di f fe ren t  set o f  s i t e s  would have been sampled after management i n  both 

t h e  control and management areas.  T h i s  i s  an i n e f f i c i e n t  study d e s i g n .  

However, t h e  reader may want t o  t r y  computing t h e  twa-way ANOVA f o r  these 

data. Results are: 

I n t e r a c t i o n  

Error 

S S  = 689.063 (1 d f ]  

SS = 35649.3 (12 d f )  

F - r a t i o  testing management e f f e c t  - - I n t e r a c t i o n  MS - - 0.23 
(1,12 d f )  Error MS 

In such a study des ign ,  t he  management e f f e c t  is measured by t h e  classical 

interaction term, expressed here as: 

This i s  the  same as the t r e a t m e n t  e f f e c t  previously computed. But ,  in a 

completely random two-way des ign  (no f i xed  s i t e s  o v e r  t ime) ,  the  v a r i a n c e  

of t h i  s e f f e c t  i s  based en the average wi t h i  n - s i  t e  e r ro r  mean square: 

4 se(treatment e f f e c t )  = J (Error MS) F 



where r = the number o f  replicate samples a t  each t i m e ,  w i t h i n  each area 

( c o n t r o l  or t r e a t m e n t ) .  For t h i s  example,  r = 4, and the t - t e s t  for  a 

t r e a t m e n t  e f f e c t  i s:  

t = - -  26 2 5 - 0 . 4 8 1 6  (12  d f )  
54,50 

It i s  an a l g e b r a i c  i d e n t i t y  t h a t  t h e  square o f  t h i s  t-test value equals 

t he  F - t e s t  value f o r  t e s t i n g  i n t e r a c t i o n  ( i . e . ,  -in t h i s  case,  0.48162 = 

0.23). 

F i  xed S I  tes  Combi ned w i  t h  P a i  red Control -Managed S i t e s  

The previous study design can be improved by pairing data  f o r  control and 

t r e a t m e n t  s i t e s .  T h i s  type o f  p a i r i n g  was n o t  done i n  the above example, 
where pre- and postmanagement measurements on t h e  same s i t e  were paired,  

because t h e  s i t e s  were f i x e d  over t i m e .  P a i r s  o f  f i x e d  s i t e s  are selected t o  

implement the more e f f i c i e n t  study design. Paired s i t e s  should be i n  the  same 

habitat type and near each o t h e r .  Assume t h a t  t h e r e  are n such pairs. The 

power o f  t h i s  study design i s  that each control-management p a i r  results i n  a 

direct estimate o f  t h e  management e f f e c t .  I f  the prev ious  example had been 

designed and t e s t e d  t h i s  way, t h e  d a t a  m i g h t  look like (Note: t o  illustrate a 

p a i n t ,  these values  are n o t  the same as  those used In the above example): 



Prernanagement 

S i t e  p a i r  Control Managed 

1 100 80 

2 132 12 1 

3 157 16  5 

4 205 225 

Means 148.5 147.8 

standard 44 .30  49.94 
d e v i a t i o n s  

Postmanagement Management 

Control Managed e f f e c t  

11 1 133 42 

Each t r e a t m e n t  e f f e c t  i s  computed as:  

managed ) - ( r o n t v o l  )] 
before 

For example, t h e  calculat ion f o r  the f i rs t  pair  i s :  

(133-111) - (80-100) = 22 - (-20) = 22 * 20 = 42 

1. Ho: the  average management e f f e c t  = 0.  

Ha: the average management e f f ec t  > 0. 

Sometimes the a1 t e r n a t i v e  hypothesis i s  2-sided, but i t  i s usual ly one- 

sided when the t r e a t m e n t  i s  a deliberate management a c t i o n  t a  achieve 

some goal. 

A t - t e s t  (n -1  df) i s  used t o  t e s t  the Ho: 



t =  average treatment e f f e c t  
se(averaga t r e a t m e n t  e f f e c t )  

se(average treatment e f f e c t )  = standard deviation o f  the t r e a t m e n t  e f f e c t  

4 7  
- 9.81 , - - - 4.905 

For a one-sided t e s t  and an .-level o f  0.01, tosol ,3 = 4.541.  There fore ,  

t he  H, i s  r e j e c t e d ,  and the  conclusion i s  t h a t  t h e  management a c t i o n s  

increased the  number o f  catchable f i s h .  

T h i s  result can be compared t o  the result obtained when the same data are 

analyzed as  i f  t h e  s i t e s  were f jxed,  but  where no p a i r i n g  of control and 

t rea tment  si tes was done. A t - t e s t  [2(n-1) = 6 df]  1 s used, based on the 

s e t s  o f  before and a f t e r  dif ferences ( a s  explained i n  the preceding 

example) : 

s i t e  - 
1 

2 

3 

Control 
differences 

Managed 
df f f  erences 

53 

5 5 

79 

standard dev ia t ion  = 30.09 24.24 



The t-test s t a t i s t i c  i s :  

For a = 0.05, t h e  one-s ided critical v a l u e  o f  1.943. Therefore,  

the n u l l  h y p o t h e s i s  i s  n o t  rejected. The failure t o  reject  the n u l l  

hypothesis i s  due t o  t h e  i nefficient study design.  When p o s s i b l e ,  f i x e d  

s i t e s  w i t h  paired control-managed s i t e s  and before and a f t e r  management 

measurements i s  t h e  bes t  study d e s i g n  ( t h e r e  shou ld  be a t  l e a s t  f ou r  

rep1 i c a t e  p a i r s ) ,  

Regression Analysi s13 

The most  common use of regression a n a l y s i s  i n  the c o n t e x t  o f  f i sher ies  

studies i s  t o  relate f i s h  w e i g h t  to l e n g t h .  The r e l a t i o n s h i p  o f  we igh t  t o  
b l e n g t h  i s  ECW) = pL , where L = f i s h  l e n g t h ,  W = f i s h  w e i g h t ,  and E(W) = 

expected, o r  average, weight f o r  t h e  g iven  l e n g t h .  Transforming the d a t a  to 

1  ogs produces a 1 f n e a r  regressqon problem: 

log(W) = a + b(1og L) + E 

where ( a  = l o g  u) 

b = the  slope o f  t h e  l i n e  

E = the u n c e r t a i n t y  about t h e  l i n e  

''When regression a n a l y s i s  i s  used t o  compare d a t a ,  X v a l u e s  are fo r  t h e  
i ndependen t  v a r i a b l e  and values of Y are  random v a r i a b l e s  (dependent 
v a r i a b l e s )  . 



The average value  o f  ( E ) ~  i s  the "residual mean square error;" i t  i s  analogous 

t o  t h e  error mean square i n  ana lys is  o f  var iance methods. Note  t h a t  g iven  

e s t i m a t e s  o f  the parameters a and b ,  the wejght can be predicted g i v e n  the 
b a length by the equa t ion  W = pL , where p = e . 

The use o f  1 i n e a r  regress ion  analysis can be i 11 ustrated w i t h  data from 

t h e  study o f  Kel le r  and Burnham (1982). I n  t h e i r  sampling s i t e  "3U" , 19 brook 

t r o u t  were captured by e l e c t r o f i s h i n g ,  using two passes.  V i r t u a l l y  a l l  o f  t h e  

brook t rou t  present were c a u g h t .  The f i s h  we igh ts  i n  grams and Tlengths i n  

millimeters, the logs o f  these  values ,  and the products o f  Y t imes X a r e  

presented be1 ow: 

1. 

86 
97 
90 
95 
9 1 

102 
102 
116 
117 
119 
116 
144 
110 
171 
171 
170 
190 
206 
210 

t o t a l  s 
means 

5 

To compute a simple linear regression, tabulate Y ,  X ,  and YX and then 

compute the sum o f  t h e  products Y X ;  t h e  means o f  Y and X ;  and t h e  standard 

d e v i a t i o n  sy2 and s X 2  of  the Y and X variables. Most recent ly  developed 

scientific calculators compute regress ion  slopes and correlation3 automat- 

ical  ly, once the basic  X,Y da ta  are entered. 



F i v e  basfc  i tems are required to compute linear regressions. The jterns 

needed i n  addi t i a n  t o  t he  means X ,  Y ,  a re :  

(a  sum o f  products)  

( a  sum o f  squares) 

The only new quan t i t y  needed i s  t h e  sum o f  t h e  cross products,  SP. It I s  

computed by f i r s t  summfng a l l  XY terms;  281.0540 I n  this example. Then 

subtract nxy: 

SS, = (n -1 )s  = lB(0.7792) = 14.0256 Y 
SS, = 18(0.0888) = 1.5984 

Given these  s t a t i s t i c s ,  t h e  regression results can be computed. 



A 

1. Compute the regression c o e f f i c i e n t ,  b: 

A 
2. Compute t h e  Y-intercept, a:  

In t h i s  example, the e q u a t i o n  f o r  t h e  regression l i n e  i s :  
n 

10g(W) = -11.168 + 2.9396[log(L)] 

To compute a predicted weight ,  i n s e r t  log(L) .  

For example, i f  L = 120, 
A 

log(W) = -11.168 + 2.9396(4.7875] 

= -11.168 + 14,0733 

= 2.9053 

n 
Takqng the antilog, W = e 2m9053  = 18.3 grams. 

T h J s  calculation can be very useful when n o t  a l l  t h e  f i s h  at a s i t e  

are both wcighed and measured f o r  leng th ,  because f i s h  weights can 

be reliably predicted f r o m  length  measurements. 



3 .  Compute t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  r:  

The value o f  r i s  always between ?I.  The closer r i s  to e i t h e r  o f  

t h e  ex t remes (+ I  o r  -13, t h e  b e t t e r  t h e  1 i n e a r  r e l a t i o n s h i p  o f  t h e  

variables. I n  t h i s  example, r = 0.9924, f n d i c a t i n g  a n e a r l y  p e r f e c t  

linear r e l a t i o n s h i p  o f  log(W) and log(L) .  An r v a l u e  o f  0 i n d i c a t e s  

t h a t  no c o r r e l a t i o n  e x i s t s ;  t h e r e f o r e ,  Y canno t  be p r e d i c t e d  f r o m  X .  

A 
The slope estimate, b, and r are c lose ly  r e l a t e d :  

Because t h e  s t a n d a r d  d e v i a t i o n s  sy and sX are n o t  zero, t e s t i n g  t h e  

n u l l  h y p o t h e s i s  t h a t  t h e  t r u e  b = 0 i s  e q u i v a l e n t  t o  t e s t q n g  

Ho : E(r) = 0 (i.e., t h e  true correlation o f  Y and X i s  zero). 

A A 

Compute the s tandard  e r r o r  o f  b .  The var iance  o f  b i s :  

I n  t h i s  example, syZ = 0.7792, r = 0.9924, and SSX = 1.5984. Therefore:  



The degrees o f  f ~ e e d o m  associated w i t h  t h e  standard error are n-2 

because two parameters are  es t imated  from the  d a t a  ( t h e  intercept 
n 2 2 and s lope) .  The numerator o f  var(b) ,  i .em, sY 1 -  ) i s  the 

residual var iance about the line. It can a l s o  be computed as: 

A A A 

where Yi = a + b Xi. This equat ion i s  not  a s  convenient a computa- 

t i o n ,  but more c lea r ly  shows the  na tu re  o f  the residual varfance and 
the f a c t  t h a t  computing the residual var iance f j r s t  requSrer the 

e s t i m a t i o n  o f  t he  two parameters. 

Test  H, : b = 0 v s .  Ha : b # 0. A t - t e s t  i s  used; i t  has n-2 df :  

In t h i s  example, assume an a = 0.01. The c r i t i c a l  level  o f  the t e s t  

S s  ( a two-sided test): 



The computed t -value i s :  

Ho i s  rejected, and the canc lus ion  i s  t h a t  there i s  a h i g h l y  s i g n i f -  

i c a n t  re la t ionship  between X ( 1  ength) and Y (weight ) .  

n 
6. A conf idence interval on b i s  more a p p r o p r i a t e  t h a n  a t e s t  o f  Ho fo r  

f i s h  l e n g t h - w e i g h t  d a t a .  The I-a conf idence i n t e r v a l  i s:  

A A 

- t a , n - ~  
se(b) = lower l i m i t  

A 

+ t a , n - ~  se(c) = upper l im i t  

Assume a = 0.05. The n o f  17 = 2.210. The lower l i m i t  i s :  

The 95% conf idence i n t e r v a l  on b i s  thus 2.758 < b < 3.121. 

A 
7 .  The confidence 1 i m i t s  f o r  a pred ic ted  (es t ima ted )  v a l u e  o f  Y fo r  a 

given X va lue  can a l s o  be calculated. The standard e r ro r ,  s y l  X ,  
n 

0 f 

Y ,  g i v e n  X ,  i s  needed: 

I n  t h e  above f o r m u l a ,  a l l  calculat ions are  based on the sampled 

d a t a ,  except X ,  which i s  specified. 



Predict  average f i s h  we igh t  a t  l e n g t h  t = 200 mm: 

W = e  4m406 = 81.94 grams. 

A 

The standard error o f  Y i s :  

In t h i s  example,' X = 5.298. Therefore: 

= 0.04768 

2 2 The standard error has n - 2  d f  [it basically depends on sy (1-r ) 

which has n-2 d f ] .  For  a 95% conf idence i n t e r v a l  on the true 

expected v a l u e  o f  Y a t  X = 5.298, use: 

I n  t h i s  example, t h e  calculation i s :  

Taking antilogs, t h e  95% confidence interval on average f i s h  weigh t  

at a length  o f  200 mrn i s  74.1 t a  90.6 gm. 



When conf idence 1 i m i  ts are calculated f o r  t h e  dependent v a r i a b l e  

(Y) ,  t h e  e s t i m a t e s  a r e  more a c c u r a t e  f o r  X v a l u e s  t h a t  are c l o s e  t o  

t h e  sample mean X ( F i g u r e  14). 

8. When t he re  i s  more t h a n  one sample s i t e ,  such as control and t r e a t -  

men t  s i t e s  o r  d j f f e r e n t  h a b i t a t  types, t h e  c o r r e c t  a n a l y s i s  i s  an 

a n a l y s i s  o f  cova r iance .  Th i  s method a1 1  ows t e s t i n g  equa l  i t y  o f  

r e g r e s s i o n  1  i n e s  f o r  seve ra l  s i t e s  (Sokal  and Rohl f 1969). A simp1 e 

approach f o r  v i s u a l l y  compar ing r e s u l t s  i s  t o  p l o t  a c t u a l  length-  

w e i g h t  data  an l o g - l o g  paper .  P l o t s  o f  each d a t a  s e t  w i l l  be 

p a t t e r n e d  in a s t r a i g h t  l i n e .  P l o t t i n g  i s  a l so  u s e f u l  when t h e r e  i s  

j u s t  one d a t a  s e t  i n  o r d e r  t o  d e t e r m i n e  i f  t h e r e  are any nonconform- 

i n g  da ta  p o i n t s .  

9. Nenpararnetric t e s t s  f o r  t h e  a s s o c i a t i o n  o f  con t inuous  variables are 
a l s o  available; e . g . ,  Spearman's or K e n d a l l t s  c o e f f i c i e n t  o f  rank 

c o r r e l a t i o n  t e s t s  and Olmstead and Tukey" corner t e s t  f o r  assoc ia -  

t i o n .  These methods are discussed i n  Sokal and Rohl f (1969).  

Cont ingency Tab1 e 

Problem: The f o l l o w i n g  r e l a t i v e  abundance o f  t r o u t  and nont rou t  f i s h  was 

f o u n d  a f t e r  management a c t i v i t i e s  (pre-management da ta  showed no d i f f e rences  

i n  c o n t r o l  and to-be-managed s S t e s )  i n  a stream m o n i t o r i n g  study: 

Site 

Control 

Nontrout 

65 

Managed 41 59 

2 The ch i - square  ( x  ) nonparamet r i c  test (Soka l  and Rohlf 1969) i s  

used t o  test i f  t h e  r e l a t i v e  abundance a f  t r o u t  and n o n t r o u t  f i s h  i s  

r e 1  a t e d  t o  management a c t i v i t i e s .  



Fjgure  14. Confidence 1 i m i  ts f o r  values o f  Y g iven values  o f  X 
(the curved lines). The i n t e r v a l  widens as values o f  X deviate 
f r o m  t h e  sample mean, X .  



Sol u t i  on :  

1. Nut 1 hypothesis: t he  relative abundance of trout and non t rou t  f i s h  

i s unrelated t o  management ac t iv i t i e s .  

2. Arrange the d a t a  f o r  a two-way contingency t e s t :  

In t h i s  example: 

3. Calculate x 2 

xZ = (ad - bc12 n 
( a  + b ) ( c  + d) (a  + c)(b + d) 

4 .  From a chi-square d i s t r i b u t i o n  tab le ,  t h e  c r i t i c a l  va lue  f o r  

ch i -square w i t h  one degree o f  freedom [df  = (r-l)(c-1); r = rows and 

c = columns] and a = 0.05 i s  3.84. 

5 .  Because the va lue  o f  t h e  x2 t e s t  s t a t i s t i c  ( 0 . 9 2 6 ) S c r i t i c a l x  2 

13-84] ,  the null hypothesis i s  not  rejected. The conclusion i s  t h a t  

management d id  n o t  i n c r e a s e  the relatjve abundance o f  trout. 
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APPENDIX A .  COMMON CONVERSIONS OF ENGLISH UNITS OF 
MEASUREMENT TO THEIR METRIC EQUIVALENTS 

Eng l  i sh u n i t s  M e t r i c  u n i t s  

1 inch 

1 f o o t  

1 c f s  

O F  = (CO x 1.7985) + 3Z0 

1 ga l  

1 acre-foot 

1 a c r e - f o o t  
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APPENDIX C . TUKEY ' S TEST FOR ADDIT IV ITY 

(SOKAL AND ROHLF 1969) 

Data  f rom t h e  example f o r  t h e  ANOVA test en Page 159 (refer a l so  t o  page 

162). 

P e r i o d  j 
Row Row 

S i t e  i 1 2 3 4 5 6 sums means d r i  

1 15 211 20 25 30 30 140 23 .333  -5.566 
2 35 35 40 40 45 55 250 41.667 12.778 
3 15 25 Ja 130 21.667 -7.222 - 15 - 20 - 25 - 

Column 
sums 65 70 80 90 100 115 520 

Col umn 
means 21.667 23.333 26.667 30 33.333 38 .333  GM = 28.889 

I n  t h e  exarnpl e ,  GM = t h e  grand mean; i . e .  , t h e  average o f  a1 l observa- 

t i o n s  (3 6 = 18, I n  t h i s  example) .  A s e t  o f  di f fe rences  i r  computed n e x t :  

dc. = column mean j - GM 
J 

d r i  = POW mean i - GM. 

For example, 



A n o t h e r  t a b l e  i s  prepared as an intermediate step t o  computing the sum o f  

squares (1 d f )  for nonaddi t i v i  ty. i n  t h e  above t ab1  e ,  1 e t  Xi be t h e  response 

value a t  s i t e  (row) i and per iod  (column) j; e . g . ,  XI1 = 15 and X Z 5  = 45. The 

main entries i n  the intermediate t a b l e  are t h e  products Yi = X .  . dri dc I t  
1~ j ' 

2 is useful t o  a1 so tabu1 a t e  (dri ) and (dc .12: 
J 

S i t e  P e r i o d  j 
(dri 1 2 

i 1 2 3 4 5 6 

(dc j)2 52.157 30.869 4.937 1 .234  19.749 89.189 

E l  erneot Y which i s  601.88 i n  t h e  above tab1 e, i s  computed as: 

Simjlarily, element Y (i = 2, j = 6 )  i s :  
2,6 

Compute t h r e e  sums f r o m  t h e  above t a b l e :  

Q = EIY, = the sum o f  a l l  main elements in t h e  t a b l e  

R = ~ ( d r ~ ) '  = t h e  sum o f  the squared values o f  t h e  dri values  

C = z(dcj)' = the sum o f  the squared values  o f  the dc v a l u e s  
j 



Many calculators can accumulate these sums d i r e c t l y  f r o m  t h e  o r i g i n a l  

tab1 e ,  wj theut recardi ng t h e  i n t e r m e d i a t e  val ues.  However ,  producing the 

intermediate t a b l e  i s  a useful check for  errors.  

I n  t h e  above example: 

The sum o f  squares f o r  nonadd i t i v i t y  i s :  
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