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Abstract 

Forest fe r t i l i za t ion  has obvious beneficial effects on the 

growth and vigor of trees on nutrient-deficient s i tes.  Side . .. 8 ,  , 
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effects such as improved t ree  resistance to  damage by a i r  - ..--h - -  :-,. - - 

8 , .  ( , I 

pollution and, i n  some cases, insect and disease attack, should  

also be considered in  any evaluation of fe r t i l i za t ion  impacts, 

Sane intriguing possibi 1 i t i e s  for  managing mycorrhizal 

comnunities by fer t i l iza t ion have also surfaced. 

On the other hand, it is possible to  sacrif ice ecological 

optimums for  physiological optimums i n  our quest fo r  increased 
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production. Fertilization is a drastic manipulation that  is . , PI' , >-- :;;;;: -- , ~l? 
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bound to produce negative as well as positive side effects,  most - ,  "I d 
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notably i n  the case o f  excessive n i t r i f i c a t i o n .  While the  

prospects for  managing mycorrhizal a c t i v i t y  as we l l  as 

c o n t r o l l i n g  i nsec t  and disease outbreaks by f e r t i  1 i z a t i o n  are 

appealing, long-term ecological  studies o f  f o r e s t  f e r t j l i z a t i o n  

e f f e c t s  on these as wel l  as 0the.r ecosystem components w i l l  be 

necessary before these goals can be achieved. 

Keywords: F e r t i  1 iza t ion,  n i t r i f i c a t i o n ,  environment, 

mycorrhizae, SO2, insects, disease 



. . INTRODUCTION 

~engs ton  (1979) reported tha t  over 2 million. acres [809,400 

hectares (ha)] of f o r e s t  land have been f e r t i l i z e d  i n  the United. 

, States,  primarily i n  the Northwest and Southeast. He projects 

tha t  an additional 750,000 acres (303,500 ' ha) will be f e r t i l i z e d  

. . .  annually in these regions during the next decade. 

As f o r e s t  f e r t i  1 ization becomes.' more common and widespread, 

environmental issues will no doubt be raised. Concern already 

has been expressed over water quality impacts (Reinhart 1973), a 

subject addressed by Moore ( t h i s  volume). 

Weetman and Hill (1973) express l e s s  concern f o r  water 

qual i ty  than for  long-term ecological e f fec ts  on fores ts .  

Long-term impacts are  qui te  probable, given the conservative 

"at i re  of fo res t  nutr ient  cycles (Cole it al. 1968, Switzer and 

Nelson 1972, ~enderson and Harris 1975). In contrast  t o  

agricultural  systems, f e r t i l i z e r  i s  retained and cycled within 

fores t  ecosystems f o r  many years (Hei lman and Gessel 1963, Stone . . 

' and Kszystyniak 1977). While th i s  r e su l t s  in' e f f i c i e n t  

f e r t i l i z e r  u t i l i za t ion  by t rees ,  the long-term s ide  e f f e c t s  on 

the environment are not f u l l y  unde~stood. 

Weetman and  ill (1973) ca l l  ed fo r  comprehensive, long-term 

ecological ' studies on fores t  f e r t i  1 izat ion and suggested tha t  

the a1 ternative might i nvol ve not only environmentiil degradation 

b u t  also "wide publ ic i ty  of a few examples .. . (causing) public 



opinion to  inhib i t  f o r e s t  f e r t i l i z a t i o n  practice." This has 

cer tainly been the case with more vis ible  management practices 

such as c l  ear-cu t t i  ng and control led burn,i ng. 

Environmental assessments invariably involve value 

judgements as to  w h a t  i s  posit ive and what i s  negative. 

Environmentalists interested in preserving a wi 1 derness area may 

consider a impact t o  be negative, including increased growth 

and vigor of fores ts .  Fortunately, we are not discussing 

f e r t i  1 izing wilderness areas here, b u t  we are we1 1 -advised t o  

keep in mind t ha t  such cel ibate  philosophies often underlie 

environmental. opposition to  fo res t  management pract ices  as a 
. . 

whole. The ef fec ts  of these philosophies on environmental 

research were eloquently described by Stan Gessel ( in  press) i n  

his keynote address t o  the Fifth North American Forest Soils 

Conference: 

"The.present environmental concern era, although 

the producer of many needed changes, has l e f t  us with 

several philosophies which often af fec t  the direct ion 

and object ivi ty  of f orestry-re1 ated research. One i s  

the 'nature knows best '  philosophy.. . . A simi 1 a r  

concept i s  ... t ha t  we should practice only 

'ecologically sound forestry. '  These general mottos 

. . . on the surface appear to  be sound, but they 

suffer  from the f a c t  t ha t  ecological soundness and 



t he  s t a t e  o f  na ture  are p r e s e n t l y  determined by t h e  

eyes o f  t h e  beholder. 

"Another type of research phi losophy which 

reduces' useable output  . . . i s  the  focus on negat ive  

research and i n  so doing c o l l e c t ( i n g )  on l y  data which 

serves . to e s t a b l i s h  t h a t  a d i s a s t e r  i s  about t o  

occur. 

There i s  no s c i e n t i f i c  j u s t i f i c a t i o n  f o r  assessing 

environmental impacts f rom an e x c l u s i v e l y  negat ive  standpoint.  

Every management a c t i v i t y . h a s  some negat ive environmental 

aspects; t he  chal lenge t o  the  environmental s c i e n t i s t  i s  t o  

o b j e c t i v e l y  evaluate and p r o j e c t  t h e  impacts o f  man's a c t i v i t i e s  

on ecosystems be fo re  making judgements as t o  whether these 

impacts are t o  be def ined as p o s i t i v e  or  negative. To 

concentrate s o l e l y  on the  negat ive i s  t o  run  t h e  r i s k  o f  causing 

t h e  e l i m i n a t i o n  o f  management a c t i v i t i e s  which not  o n l y  increase 

f o r e s t  p roduct ion  b i t  a l so  produce des i rab le  changes i n  t h e  

ecosystem as a whole. 

Likewise, we must no t  be t o t a l l y  b l i nded  by des i res  t o  

increase p r o d u c t j v i t y  as Odum (1969) p o i n t s  out: 

"Many essent i  a1 l i f  e-cycle resources, no t  t o  

menti  on r e c r e a t i o n a l  and aesthet ic  needs, are bes t  

provided man by the  l ess  Ip roduc t i ve '  landscapes. I n  

other  words, t he  1 andscape i s  not  j u s t  a supply depot 



b u t  is also the oikos-the home-in which' we must l ive 

.. . The 'one problem, one solution'  approach i s  no 

longer adequate and must be replaced by some form of 

ecosystem analysis tha t  considers man as a part  of, 

.not apart from, the environment. " 
. . 

EFFECTS ON TARGET ORGAN ISMS: TREES 

Fer t i l iza t ion  can have several impacts upon t r ees  in  

addition to  the desired improvement in growth. Fe r t i l i za t ion  
. . 

has been. noted to  increase the resistance of eastern white pine . , 

(Pinus strobus) to  SO2 injury (Cotrufo and Berry 1970, Will 

. . and Skelly 1974). . T h i s  i s  an important consequence in. view of . . . . 

the increasing tol l .  a i r  pollution damage i s  taking on t h i s  

comnerci a1 ly important species. L i  nzon (1978) 1 ists several 

comnercially important t r e e  species tha t  are sens i t ive  t o  SO2 

damage, and one might predict  that  large-scale f e r t i l i z a t i o n  

will help minimize such damage ( tab le  1). T h i s  may be 
. . 

. p a r t i c u l a r . 1 ~  important with regard to  Douglas-fir f e r t i l i z a t i o n  

as atmospheric SO2 emissions increase throughout the  Pac i f ic  
. . 

Northwest. In f ac t ,  increasing nitrogen f e r t i l i z a t i o n  may 

enable fores ts  to  more ef f ic ien t ly  uti 1 i ze atmospheric SO2 

because N f e r t i  1 ization creates i ncreased S demands. 
>. . 

~tmospheric SOp i s  an important source of S t o  plants even i n  

cases where soil  S supplies are adequate (Terman 1978). 



Table 1--Sensitivity of some trees to sulfur dioxide (from Linzon 1978) '. 

Sensitive In termedi ate To?erant 

Doug1 as-f i r  Balsam f i r  Balsam poplar 

(Pseudotsuga menziesi i ) (Abi es bal samea) ' ,  (Populus balsamifera) 

Eastern wh i te  pi ne ~as ' tern cottonwood Grand f i r  

(P.inus strobus) 
. - (Popul us del toi des) (Abies grandi s )  

Jack pine 

(Pinus banksi ana) 

Englemann spruce Lodgepole pi ne 

(Pi cea engl emanni i ) (Pinus contorta) 

Tremb 1 i ng aspen Red pine Red oak 

(Popul us tremul oi des) (Pinus - .  resinosa) (Qercus rubra) 

Western 1 arch Western hem1 ock . Sugar map1 e 

(Larix laricina) (Tsuga heterophyl 1 a) (Acer sacchsr urn) 
. . 

Ponderosa pine Western white pine Western red cedar 

(Pinus ponderosa) (Pi nus monti col a) (Thuja pl i cat?) 
'. - 

White cedar 

(Chamaecypari s thyoides) . . . 

White birch 

(Betula papyrifera) 

White spruce 

(Pi cea gl auca) 



The effects  of f e r t i l i z a t i o n  on the health and vigor of 

t rees  are generally assumed to  be positive, but there can be 

serious side ef fec ts  as well. Tam e t  al. (1974) found that ,  

although f e r t i l i z a t i o n  generally increased growth, it .also 

decreased t ree hardness to  "winter drought" in Sweden. This 

suggests tha t  the normally nitrogen-deficient s t a tus  of t rees  

. .  lends hardness to  such climatic damage, and that  f e r t i  1 i za t i  on 

effects  i n  th is  case are "a good i l lus t ra t ion  o f  the difference 

between physiological optimum and ecological optimum." 

NONTARGET ORGAN ISMS 
. . 

Due to  the conservation and cycling of nutrients in fo res t  

ecosystems, f e r t i l i z a t i o n  i s  bound t o  affect  not only t rees  but 

a1 so a range of other resident organisms, from bacter ia  t o  

wildlife. Effects on wildl i fe  are discussed i n  de ta i l  by 

Rochelle ( t h i s  volume), and ef fec ts  on understory vegetation are 

discussed by Turner (this volume). Here I w i l l  b r i e f ly  review 

the ef fec ts  of f e r t i l i z a t i o n  on invertebrates, f u n g i ,  and 

bacteria, including those regarded as pests and pathogens by 

foresters .  

DECOMPOSER ORGANSISMS 

Many species of f l o r a  and fauna living i n  fo res t  s o i l s  

perform essential  functions within fores t  nutrient cycles by 



f a c i l i t a t i n g  1 i t t e r  decompositior~. The ef fec ts  of f e r t i l i z a t i o n  

1 .  on these organisms are of obvious in te res t  in terms of 

maintaining the in tegr i ty  of nutrient cycles a n d l o n g - t e r m s i t e .  
. . . , .  . 

productivity. 

  ell^ and Henderson (1978b) found increased bacter ial  

ac t iv i ty  but reduced invertebrate populations one year a f t e r  . . . . 

f a i r l y  high levels of urea f e r t i l i z a t i o n  (550 and 1100 kg/ha M) 

in a mixed deciduous f o r e s t  i n  eastern Tennessee ( t a b l e  2) .  

This change was regarded as important, because invertebrates 

play a major role i n  the i n i t i a l  breakdown of l i t t e r .  In s p i t e  

of decreased invertebrate populations, however, t h e  authors 

found that  urea additions had l i t t l e  e f f ec t  on the decomposition '. 

r a t e  of white oak (Quercus alba) leaves. Additions of , < 

superphosphate had qui te  d i f fe rent  effects :  decreased bacter ial  
, 

populations, no s ignif icant  e f fec t  on invertebrate populations, 

and a s l igh t  b u t  s igni f icant  reduction i n  the decomposition r a t e  

of white oak leaves. 

  he authors at t r ibuted these resu l t s  largely t o  changes i n  

hydrogen ion concentration. Urea hydrolysis- increases pH and 

thereby solubi l izes  humic material in l i t t e r  (Ogner 1972, Crane 

1972). T h i s  e f f ec t  may have o f f se t  the e.ffect of decreased 

invertebrate populations on the physical breakdown of l i t t e r  t o  . 

some extent. Superphosphate sol ubi 1 ization depresses soi 1 pH', 

and since bacteria are sens i t ive  to  low pH conditions, a 



Table 2--Bacterial and invertebrate populations in l i t t e r  one 

year a f te r  urea and superphosphate f e r t i l i z a t i o n  in a 

mixed deciduous fo res t  in eastern Tennessee (from Kel l y  

and Henderson 1978b) 

N added P added (kg/ha) 

Bacterial numbers ( I  of isolateslg l i t t e r  x 1 0 ' ~ )  

0 45 47 45 

Soil invertebrate populations ( I  of organisms/mL) 



decrease i n  bacter ial  populations following superphosphate 

additions would be expected. 

Kowalenko e t  a l .  (1978) found. tha t  f e r t i l i z a t i o n  w i t h  

NH4N03 and KC1 caused a reduction in so i l  microbiological 

a c t i v i t y  (as  measured by Cop evolution) for  a t  l eas t  three.  

years. Again, they a t t r ibuted  these r e su l t s  par t ly  (but not 

en t i re ly)  to  reductions in pH. 

Studies prior to  those described above were thoroughly 

reviewed by Weetman and Hi1 1 (1973). In general, they concluded 

t h a t  f e r t i l i z a t i o n  has a las t ing,  mutually beneficial  e f f e c t  on . . 

soi l  microflora and fauna despite some short-term toxic e f f e c t s  

of f e r t i l i z e r  components (par t icu lar ly  amnoni'urn). 
. .  . . . 

MY CORRHIZAE 

Nitrogen f e r t i l i z a t i o n  usually depresses mycorrhizal 

development (Weetman and Hi 11 1973, Menge e t  al .  1977). Because 

the mycorrhizal association is thought t o  be an adaptation to  

nutri ent-deficient conditions (Harley 1963), suppression of 

. mycorrhizae by f e r t i l i z a t i o n  might be expected. When other  

nutrients (especi a1 l y  P )  are  added, however, mycorrhizal growth 

is  often stimulated (Shigo 1973, Menge e t  'al. 1977). Menge e t  

a1. (1977) showed tha t  species dis t r ibut ion of mycorrhizae can 

be changed by f e r t i l i z a t i o n  and suggest t ha t  i t  i s  f e a s i b l e  t o  

manage mycorrhizal species t o  maintain a population adapted t o  



f e r t i l i z e r  regimes. They further  suggest that P f e r t i l i z a t i o n  

I could be used t o  stimulate rnycorrhizae tha t  lend drought 

resistance to loblol ly pine (Pinus taeda). 

. . 

INSECT AND DISEASE PESTS 

Fert i l izat ion can af fec t  t r e e  resistance to  insect and 
. . 

disease e i ther  positively or negatively. Several review papers 

have been written on th i s  subject to  which the reader is 
. . 

referred for  de ta i l s  (Shigo 1973, Foster 1968, Weetman and Hill 

1973). Only some general. aspects will be considered here. 

i Weetman and Hill (1973) suggest tha t  f e r t i l i z a t i o n  is 

1 lilcely to increase disease resistance if i t  improves t r e e  ., 
I 

f nutrient s tatus ,  b u t  ( i t  w i  11 decrease) resistance - i f  i t  creates  

nutrient imbalances. On the other hand, improving t r e e  nutrient . 

s ta tus  may also improve the pa la tabi l i ty  of its t i s sues  t o  

insects and i t s  suscepti bi 1 i t y  t o  pathogens. Nitrogenous 

f e r t i l i z e r s  are known to  reduce the production of phenols i n  

plant t issues,  thereby reducing resistance t o  infection by 

pathogenic fungi (Shigo1973). Hollis e t  al. (1975) noted tha t  , . . 

additions of P as well as N t o  s i t e s  deficient i n  these elements 

increased the incidence of fusiform rust  attack in  slash pine. 
. . 

Correcting nutri.ent imbalances may i n  f a c t  give the  pest or 

parasi te  a greater advantage than i t  does the host. In addition : 

t o  changes i n  t ree  physiology, f e r t i l i z a t i o n  produces changes i n .  



stand structure which produces changes in understory composition 

and microclimate tha t  could e i the r ,  increase or decrease the  

likelihood of insect or disease attack. 

Despite some of the p o t e ~ t i a l  problems noted above, Shigo 

(1973) suggests that  f e r t i l i z a t i o n  can be used as a tool f o r  

control1 i ng insect and disease incidence i n  certain instances. 

1nd.iscriminate use of f e r t i l i z e r  could 'lead to  serious damage 

not only to the fores t  environment but also to  the timber 

industry, however, and the complex interactions between 

f e r t i l i z e r s  and pathogens deserve close scrutiny a s . f o r e s t  

f e r t i  1 i za t i  on becomes more widespread. 

. . 

NITRIFYING BACTERIA . . 

The effects  of f e r t i l i z a t i o n  on ni t r i fying '  bacter ia  deserve 
' 

special attention because of potential  problems w i t h  f e r t i l i z e r  

loss ,  groundwater pollution, and native soi 1 cation losses. In 

addition to these problems, there i s  now concern tha t  

n i t r i f i c a t i o n  followed by deni t r i f  ication of f e r t i l i z e r s  may 

cause global increases i n  NOp emission which will i n  turn 

contribute t o  depletion of the ear th ' s  ozone layer (National 

Academy of Sciences 1978). Thus ,  i t  i s  important from several 

standpoints to understand and. regulate, i f  possible, the f a c t o r s  
-. 

affect ing n i t r i f i ca t ion  following fe r t i l i za t ion .  



Nit r i f i ca t ion  is influenced by temperature, moisture, pH, 

02, 'and N H ~  ava i l ab i l i t y ,  and t h e  presence of inh ib i to rs  
+ (A1 exander 1963). Temperature, moisture,. pH, and NH4 supply ' 

are  f requent ly  suboptimal f o r  n i t r i f i c a t i o n  i n  - f o r e s t  s o i l s ,  and. 

chemical inh ib i to rs  have been found i n  some cases' (Rice and 
. . 

Pancholy 1972). 

Fe r t i l i z a t i on  w i t h  urea, t he  most comonly used nitrogenous 

f e r t i l i z e r ,  causes increases i n  pH (Crane 1972) and enormous 

increases i n  so i l  N H ~  concentration (Morrison and Foster 1977, 

Johnson 1979, Johnson and Edwards, i n  press) .  A1 though these  

changes should favor n i t r i f i c a t i o n ,  several  s tudies  have shown 

1 i t t l e  n i t r a t e  production and leaching following f e r t i l i z a t i o n  .: . . '  
. . . . 

.. . . .  a t  normal l eve l s  ( i .e . ,  100-300 kg/ha N; Cole and Gessel 1965; 

Overrein 1971; Crane 1972; Wells e t  a l .  1975; Cole e t  a l .  1975; 

Morrison and Foster 1977). A t  higher r a t e s  of nitrogen 

f e r t i  1 iza t ion,  including wastewater and sludge application;  

n i t r i f i c a t i o n  can be substant i  a l ,  however (overrein 1971, Tam 
. ~ 

and Popovic 1974, Cole e t  a l .  1978, Riekerk 1978, Kelly and 
. , 

. , 

+ 
Henderson 1978a). Since n i t r i f i c a t i o n  produces H and a mobile 

anion, NO;, cation leaching can be g rea t ly  accelerated by 

n i t r i f i c a t i o n .  Tarrm and ~ o ~ o v i c  (1974) noted t ha t  n i t r i f i c a t i o n  . . 

resu l ted  i n  as much as  a 40% reduction i n  base sa tu ra t ion  and a '  

0.5-un i t  reduction i n  soi 1 pH following repeated, heavy 

f e r t i l i z a t i o n  i n  Sweden, f o r  example. 



Breuer (1978) found that  repeated urea f e r t i l i z a t i o n  even 

a t  modest l'evels (200 kg/ha N )  a t  5- t o  8-year intervals  caused 

substantial  increases i n  n i t r  i f  icat.ion rates  above those. 

observed following the f i r s t  appl icat ion.  He attributed t h i s  

" r e fe r t i l i za t ion  ef fec t"  to  a buildup in the populations of 

n i t r i fy ing  bacteria. 

' .  Breuer"~ (1978) resu l t s  corroborate 1 aboratory s tudies  

conducted by Sabey e t  al'. (1959) two decades previously. They 

showed tha t  the ac t iv i ty  of n i t r i fy ing  organisms .at a given 

temperature and moisture content was related to  the i n i t i a l  

population of n i t r i f i e r s  and the amount of amnonium substrate  

avai 1 abl e. During 1 ab,oratory i  ncubati ons, they noted t h a t  . . 

n i t r a t e  production in a given so i l  had a character is t ic  delay 

period ( t )  and maximum r a t e  (R)  (Figure 1 ) .  They found by 

independent means tha t  the delay period was related t o  the 

i n i t i a l  population of n i t r i fy ing  bacter ia  and the maximum r a t e  . " 

was 'related to  the supply of amnonium substrate. 

Figure 1. --Hypothetical n i t r a t e  production curve during so i l  

incubation showing delay period (-I-) and maximum r a t e  (R) of 

n i t r i f i ca t ion  ( a f t e r  Sabey e t  a l .  1959). 

Even modest levels of urea f e r t i l i z a t i o n  ( -  200 kg/ha N )  
+ 

cause enormous increases i n  so i l  NH4 which should, according 

to  Sabey's (1959) resu l t s ,  eventually produce a high r a t e  of 



n i t r i f i ca t ion .  What apparently 'prevents th i s  from occurring in 

many cases i s  the re la t ive ly  long delay period due to low 

i n i t i a l  populations of n i t r i f i e r s .  During the delay period, 

heterotrophic soil  organisms and plants rapidly take up 
+ 

f e r t i l i z e r  NH4, often reducing levels by 95% within six 

months (Morrison and Foster 1977, Johnson 1979, Johnson and 

Edwards, i n  press). . . 

On the other hand, i f  n i t r i f  ier.  populations are i n i t i a l l y  

h i g h ,  the delay period will be less ,  and substantial portions of 
.. . 

+ 
f e r t i l i z e r  NH4 can be converted t o  NO;. Johnson and Edwards 

( i n  press) found tha t  even a 75-kg/ha application of N a s  (NH4)2S04 

resulted in substantial production of n i t r a t e  in an.N-rich t u l ' p  

poplar (Liriodendron tu l ip i f e ra )  s i t e ,  for  example. Presumably . . 

N-rich s i t e s  will not be f e r t i l i z e d ,  and problems w i t h  

n i t r i f i ca t ion  in those cases will be avoided, b u t  i f  i t  is  the  

delay period that is in f a c t  the major factor  preventing.. 

n i t r i f i ca t ion  on N-poor s i t e s ,  the r e su l t s  obtained by Breuer 

(1978) following re fe r t i l i za t ion  of such s i t e s  deserve careful 

a t tent ion and further study. 

CONCLUSIONS 

Forest f e r t i l i z a t i o n  has obvious benefi cia1 ef fec ts  on the  

growth and vigor of t rees  on nutrient-deficient s i t e s ,  and a l l  

other side effects  must be weighed against these effects .  I t  
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can a1 so improve t ree  resistance t o  damage by a i r  pollution. and. 

in some cases, insect and disease attack. Some intriguing 

. possibi 1 i t i e s  fo r .  managing mycorrhizal communities and 

control1 i ng insect and disease.  attacks by fer t i l iza t i .on  have : 

also  been'raised. Thus, f e r t i l i z a t i o n  may be used to. produce 

several benefi c i  a1 effects  in addition to increased wood 

production. 

On the other hand, Tam's  concern for  sacrif ic ing 

ecological optimums fo r  physiological optimums must a1 so be 

heeded. Fer t i l iza t ion  i s  a dras t ic  manipulation tha t  is bound 

to  produce negative as well as posi t ive side ef fec ts ,  most 

notably i n  the case of excessive n i t r i f ica t ion .  While the  

prospects fo r  managing mycorrhizal and insect and disease . .  . 

outbreaks by fe r t i l i za t ion  are appeali ng ,  long-term ecological 

studies of fores t  f e r t i l i z a t i o n  ef fec ts  on these as  well as 

other ecosystem components will be necessary before w2 can hope 

to  achieve these goals. 
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