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ABSTRACT 

The potential of drainage control to reduce the n i t r  t e  losses to surface 
waters from a r t i  f l c i a l ly  drained agricultural fIel  ds was investigated. This 
research was an outgrowth of previous work which showed that considerable deni- 
t r i  f ication occurred i n  poorly drained soi 1s w i t h  high water tables.  This re- 
sulted in less  n i t ra te  leaving the f ie lds  In drainage waters than occurred in 
better drained so t l s .  

Two locations were selected for these experiments so as t o  cover a  range 
of soil  conditions representative of large areas of drained so i l s  j n  the Coastal 
Plains of North Carolina. The poorly drained soi 1s of the Tidewater Research 
Station offered great potential for increased deni t r i  f i  cation while the poten- 
t i a l  for deni t r i f ica t ion  in the moderately well drained so i l s  a t  the Lower 
Coastal Plain Tobacco Research Station was considered to be less .  

Flashboard r i s e r  type water control structures were instal led in the four 
main t i 1  e  l ines or four collector ditches a t  each locatl  on. Drainage was 
allowed t o  proceed normally or was prevented until water table in the f ie ld  
reached any predetermined elevation . Each control structure was equipped wi t h  
a  weir and a  stage recorder so that total  outflow of drainage water could be 
computed. A semi-proportional water sampler was also instal led a t  each weir to 
take samples for cheml cal analyses. 

The water control structures in the main t i l e  out lets  on the moderately 
well drafned so i l s  were very effective in controlling the loss of n i t ra te -  
nitrogen through the t i l e  l ines .  The annual loss of ni trate-ni trogen under 
control led condi tions was 1 - 7  kg/ha as compared to the 25-40 kg/ha under uncon- 
trolled conditions. However, th i s  reduction was due ent i rely to  prevention of 
water movement through the t i l e  l ines .  Me have no indication that  the water con- 
trol  resul ted in the an t i  ci pated increased deni t r i  f i  cati  on in the f i  el ds . We 
were able t o  maintain a  h i g h  water table for only a  short period of time, in- 
suff ic ient  for reducing condftions t o  develop in the f ie lds .  However, the pre- 
vention of direct  entry of the n i t r a t e  into surface waters greatly increases the 
probabill'ty of deni t r i f ica t ion  or uptake which would prevent i t s  entry into sur- 
face water. 

Water table control on the poorly drained so i l s  was much more successful. 
However, even t h o u g h  we were able t o  control and maintain the water table a t  
higher levels ,  particularly durlng the winter, th i s  did not resul t  in a  signi- 
ficant dl fference I n  oxi dation-reduction potential through~ut  the so i l  profi le .  
Extensive laboratory studies showed that  th i s  lack of effect  was due t o  the low 
winter temperatures. There was also no s i  gni f icant  change in nitrogen concen- 
t ra t ion in water leaving the f ie lds  in the drainage dl tches under controlled and 
uncontrolled conditions. However, there was a  reduction of approximately 50% in 
the amount of water moving through the drainage system under controlled conditions. 
Thus, the total  nitrogen movement through the ditches was approximately 50% as 
much under control 1 ed as uncontroll ed conditions. The observed di fference in 
drainage outflow was due t o  l  ncreased deep seepage under control led conditions. 
Sfnce the c o n d i t i o n s  below 1 rn -in the soil  proflle were favorable for den i t r i f i -  
cation and no n i t r a t e  was ever observed below th is  depth, we concluded tha t  the 



increased deep seepage resulted in approximately 50% of the n i t r a t e  which would 
have entered surface water being dent t r i  fl'ed under water control led condit ions.  
I t  i s  po ten t ia l ly  possible t o  reduce the average winter loss of n i t ra te-ni t rogen 
from 11 kg/ha to approxl'mately 5 kg/ha, The average year ly  loss  of n i t r a t e -  
nitrogen from these soi 1 s was 25 kg/ha under f ree ly  drained condl t lons .  
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SU?4!jARM, CONCLUSIONS A N D  RECOMMENDATIONS 

The objective of t h i s  research was to  determine the feas ib l ' l i ty  of and 
water management c r i t e r f a  fo r  using water table  control t o  reduce the n i t r a t e  
losses Prom t i l e  drafned f i e l d s  t o  surface waters in the North Carolina Coastal 
Plain.  I f  deni t r i  f i ca t ion  could be increased by water t ab le  control , much 
of the n 3  trogen not u t i l i z ed  by the crop would be converted to  a harmless gas 
Instead of draining to surface waters where -it can potentfa l ly  cause problems. 

T9e two Iocatlons chosen fo r  these expertments were se lected because they 
cover a  wide range of so i l  conditfons which a re  representatil ve of large areas 
s f  drained s o i l s  i n  the Coastal Plains of North Carolina. The poorly drafned 
soi l s  of  the Pi dewater Research Stat ion offered great  potential  fo r  increased 
deni trl '  f i ca t ion  while potential  for  den i t r i  f i ca t ion  in the moderately well 
drafned sol l s  a t t h e  Lower Coastal PI ain Tobacco Researell Stat ion was much l e s s .  

Drafnage o u t l e t  control s t ruc tu res  used in  the main t i l e  ou t l e t s  on the 
moderately we14 drained soi9.s were very e f fec t ive  in control l ing the loss  of  
n i  t ra te-ni  trogen through the t i l e  l i n e s ,  We were able t o  reduce the annual loss 
of n i t ra te-ni t rogen of 25-09 kg/ha to  levels  of 9-7  kgfha. However, our data 
do n o t  indicate  t h a t  thfs decrease was a  r e s u l t  of f ncreased den i t r i  f ica t ion in 
the f i e l d  b u t  r a the r  was due t o  a  forced change in drainage patterns from the 
f i e l d  wieh l l  t t l e  loss through the t i l e  Tlnes, We do not know what happened 
t o  the n i t r a t e  which was prevented from leavl'ng the f i e l d s  through the t f l e  Sines, 
b u t  i t  i s  possible t h a t  some of i t  was prevented from entering surface water as 
a  resul t of deni t r i f f  cat ion a t  the seep where the water came to the surface o r  
was removed by plants a t  a  lower e levat ion.  

Control of the drafnage ou t l e t s  on the poorly drained s o i l s  resulted in a  
decrease of approximately 50 percent 1 n the n i t ra te -n i  trogen reaching surface 
waters. The average annual loss  of n i t ra te -n l  trogen to surface water under no 
control was approximately 25 kg/ha. I f  control were used only d u r f n g  the winter ,  
the decrease was from 1 1  kgfha to approxfmately 5 kg/ha. 

The decrease i n ni t r a te -n f  trogen loss to  surface waters under control l ed 
conditions was due t o  an increase In the amount of water which was forced to Teave 
the f i  el  6s through deep seepage, The n i  t r a t e  whi cR moved wl t h  t h i s  water was 
l o s t  through den i t r i f f c a t i on  a t  the lower depths i n  the so i l  p r o f i l e .  No n i t r a t e  
was ever found below approximately one meter In these poorly dral'ned so3 I s ,  

From r e su l t s  repopted here ,  f t  i s  concluded t ha t  the amount of n i t ra te -n i t ro -  
gen entering surface waters may be reduced by the use of drainage control on 
a r t j  f i  cfa'lly drafned A t 1  an t i c  Coastal Pl ain s o i l s .  This reduction can occur 
with n o  Immediate harmful e f f e c t  on  crop yie lds  because the loss  and control 
o c c u ~ s  primarily d u r i n g  winter months when no crops are  growing. I t  i s  possible 
t ha t  sucR practices could have detrimental e f f ec t s  on the sof 1 s t ruc tu re  and 
productiivi ty  i f  used on long term basis .  This poss9 b i l i t y  has not been inves t i -  
gated, 



A q u a n t l t a t f v e  est imate of the  decrease whlch p o t e n t f a l l y  could be achieved 
over a l l  d ~ a f n e d  s o l l s  In North Carol tna t s  dl f f f c u l  t because of  the  i n a b i l i t y  
t o  quant l fy  the  e f f e c t  of dratnage control on moderately we11 drained s o i l s .  I t  
seems real i s t i  c  t o  assume an annual reduction of 10-20% on these soi  1s which 
would be 3-8 kg/ha per year .  Drainage control In the poorly drained s o i l s  i n  
the  winter  only re su l t ed  i n  an average decrease of 6 kg/ha. Drainage control 
throughout the  year  r e su l t ed  a  much blgger decrease,  Thus, a  conservative e s t i -  
mate of possible annual decrease 4 n  n l t r a t e -n l t rogen  en t ry  jnto surface  waters 
through drainage control m i g h t  be 5 k g / h a .  The potent ia l  decrease m i g h t  be 2-3 

_ times this es t ima te ,  In the  North Carolfna Coastal Plaln there  a r e  approximately 
700,000 ha which a r e  a r t l  f f c i a l l y  dralned.  A decrease of 5 kg/ha would then 
mean a decrease o f  3.5 mi l l ion  k g  (7 .7  ml l l ion  pounds) o f  n i t r a t e -n i t rogen  enter -  
i n g  sur face  waters .  

There i s  no ques t ion  t h a t  a  s i  gni f i  cant  reduction i n  n i t r a t e - n l  trogen 
en te r ing  i n t o  su r face  water could be achleved usfng the  methods described here in .  
There l's a  quest ion of  what benef i t s  would r e s u l t  from t h i s  reduction.  As was 
pointed out by Gambrel1 e t  a9.  (1974) i n  UNC-WRRI Report No. 93 and f u r t h e r  
subs t a n t i  ated by data i n t h i  s  r epor t ,  there  i s  consf derably more n i  t r a t e - n i  trogen 
loss  from cu l t iva ted  f i e l d s  in  North Carolina than t o t a l  movement o f  n i  t r a t e - n i t r o -  
gen t o  e s t u a r i e s  through North Carolina r fve r s .  Much of the  ni trogen i s  appar- 
e n t l y  l o s t  from the  system between i t s  en t ry  i n t o  surface  water a t  the f i e l d s  and 
the  en t ry  i n t o  the  e s t u a r i e s .  Thus, even though excess n i  trogen i s  a  po ten t i a l  
o r  real  problem 4 n  these e s t u a r i e s ,  the re  is  considerable doubt t h a t  a  reduction 
i n  n i  t r a t e  en t ry  a t  the  cu l t iva ted  f i e l d  would have a  not iceable  e f f e c t  a t  the  
es tuary .  This i s  fu r the r  veri Pied by data from another EPA-WQRE sponsored p ro jec t  
(Pol lu t ion  From Rural Land Runoff) whl:kb has shown t h a t  there  i s  l i t t l e  d i f ference  
between the  n i  t r a t e  content  of small Coastal Plain streams dra in ing predominately 
we1 1 drained s o i l s  and streams drai  n i  n g  predoml nate9.y poorly drained soi  1 s  even 
though i t  i s  known t h a t  there  t s  a  la rge  d i f ference  i n  the  amount of n f t r a t e  enter -  
i n g  these streams.  

The est imated cos t  of dralnage control t o  reduce n i t r a t e  en t ry  i n t o  surface  
water wou1 d be $60-$120/ha. T h e  lowest cos t  would be for  near ly  f l a t  s o i l s  w i t h  
cos ts  increas ing with surface  r e l i e f  of sol  1 s .  W f t h  the unknown benef i t  from t h i s  
p r a c t i c e ,  we a re  i n  no pos i t ion  t o  recommend i t  a t  t h i s  time. One badly needed 
focus of  research I s  t o  determine what happens t o  nftrogen once i t  e n t e r s  su r face  
water a t  f i e l d  s i t e s .  2e now can make reasonable es t imates  of the  amounts of 
nl trogen en te r ing  waters from cu l t iva ted  and wooded s i  t e s  and the re  a re  consi derable 
data on nitrogen balances i n  e s t u a r i e s  as a  r e s u l t  of work by Copeland and Hobble 
b u t  t he re  a r e  almost no q u a n t i t a t i v e  data on the  gap between the f i e l d s  and the  
e s t u a r i e s .  These a r e  needed before any recommendation can be made f o r  implemen- 
t a t l o n  of drainage control  t o  reduce n i t r a t e  losses  t o  surface  waters .  
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INTRODUCTION 

Much research e f f o r t  has been expended in the l a s t  decade t o  determine the 
contribution of nitrogen from agricul tural  f i e l d s  to  surface and ground waters. 
This work has shown concl usively t ha t  nitrogen fertill 'matl'on of agr icu l tu ra l  
crops does si gni f i  cantly increase the  movement of nl trogen 4 n drainage waters. 
However, very 1 i  t t l e  work has been done t o  determine l" f  there are  feasl' ble 
means of reducl n g  t h i s  nitrogen contrlbution while maintaining near maximum 
crop y i e ld s .  

I t  has been we1 1 es tab1 3s hed through previous work here (Gambrel l  e t  al  . , 
1974) and elsewhere (Gentzsch, e t  a1 . , 1974, Gast e t  a1 . , 1974, Devi t t  e t  a1 . , 
1976) t h a t  soi 1 profi l e  charac te r i s t l  cs have a large i n f l  uence upon the amount 
of n i t ra te-ni t rogen which leaves f i e l d s  f n  drainage waters. Soi ls  which are  
poorly drained and have a high water table  lose l ess  nitrogen t o  water because 
of the increased r a t e  of deni t r i  f i ca t ion  which r e su l t s  in  the nitrogen being 
l o s t  to  the atmosphere as nftrogen gases. 

Much of the nitrogen which is  l o s t  to surface waters i s  l o s t  t h r o u g h  a r t i -  
Pi cia1 dradnage systems. North Carolina alone has approximately 700,000 
hectares dralned by open d i  tches o r  t i l e  systems, These a r t i f i c i a l  drains would 
tend to increase the  amount of nitrogen l o s t  from the f i e l d s  even i f  no f e r t i l i -  
zer  was applied (3aker and Johnson, 1377) and when combined wlth the increased 
agr icu l tu ra l  a c t i v i t y  which drainage a1 lows, the increase in nitrogen loss  t o  
water i s  compounded. 

Much of the movement of n i t r a t e  through the a r t i  f i c i a l  drainage systems 
occurs during the winter months when no crops are  growing. Me previously 
(Gambrel l  e t  al . , 1975 a )  observed t ha t  a  1 arge amount of deni t r i  f i  catfon occurred 
during the winter months i n  s o i l s  with a hi gh water t ab l e .  Others (Willardson 
e t  a1 . , 1970; Raveh a n d  Avnjmelech, 1973)  have proposed water management as a 
tool for  increasing den i t r i f i c a t i on  and thus n i t r a t e  loss  to water. Thus, t h i s  
research was designed t o  determine i f  water table  control in t i l e  drained f i e l d s  
could be used to  increase the amount of den i t r i f i c a t i on  during winter months. 
I f  successful ,  t h i s  would reduce the  nitrogen content of drajnage waters without 
reducing crop y i e ld s .  



FIELD EXPERIMENTS 

MATERIALS A N D  METHODS 

The two s i t e s  used f o r  these experiments were chosen because they cover a 
wide range of so i l  conditions a n d  are  representat ive of large  areas of a r t i f i -  
c i a l l y  dratned s o i l s  of the North Carolina Coastal Plaln.  9ne s i  t e  was the  
Lower Coastal Plain Tobacco Research Sta t ion near Ki nston , and the other  s i  t e  
was the  Tidewater Research Sta t ion near Plymouth. The solTs a t  Kinston a re  
primarily Goldsboro and Lynchburg s e r i e s  which are  moderately we1 1 dralned soi 1s 
w i t h  approximately two percent organic matter In the surface horizon. The s o i l s  
a t  Plymouth are  predominantly Cape Fear and Portsmouth s o i l s  which a r e  poorly 
drained soi l  s contalntng approximately ten percent organic matter in the surface  
horizon. Bore hole descript ion of typical  p rof i l e s  a t  both locations a re  given 
i n  Appendix A .  Some chemical cha r ac t e r i s t i c s  are given in Table 3 in  the sect ion 
on Laboratory Studies.  Measurements of ni t r a te -n i  trogen (NO;-N) losses via 
drainage l i ne s  a t  these two locations have shown t h a t  there  i s  a  s i  gnifi  cant 
contribution of ni t r a te -n i  trogen t o  surface waters,  Previous s tudies  a t  Kinston 
have indi cated 1 i  t t l  e  o r  no deni t r i  f i ca t ion  under current  drainage conditions 
(Gambrel1 e t  a1 ., 1975 a ) .  The condi t ions  a t  Plymouth are  much more favorable 
fo r  deni t r i  f i  cat ion and some ni trogen i s  be1 ieved l o s t  through t h i s  process 
without the drainage control as used in  t h i s  experiment. An indicat ion of the 
den1 t r i  f i ca t ion  occurring in  these poorly drained s o i l s  i s  the s i  gni f i can t ly  
lower NO"-N content of  drainage water as compared to  water from be t t e r  drained 
s o f l s  ( ~ q l l i a m ,  Daniels a n d  L u t z ,  1 9 7 4 )  even though the s o l l s  a t  the Plymouth 
Sta t ion can supply more N t o  a growing corn crop than s o i l s  a t  the Kinston Sta- 
t lon (Kamprath, unpublished d a t a ) .  

Four drainage systems were used 4n the experiments a t  each locat ion.  Flash- 
board r l s e r  type water level control s t ruc tu res  were i n s t a l l ed  in the t i l e  mains 
o r  in the o u t l e t  dl tches i n  1973. The individual f i e l d s  draining jnto these 
main ou t l e t s  o r  di tches varied from three  t o  slxteen hectares.  An example of the 
i n s t a l l a t i o n  of the control s t ruc tu res  In main t j l e  l i ne s  a t  the KInston Sta t ion 
i s  shown in  Figure 1.  The tanks i n s t a l l e d  in the mains were approximately 1 m 
I n  diameter and 1.2 m I n  height .  Two pieces of angle l  ron were welded ve r t i c a l l y  
on opposi t e  s ides  of  the  tank for  the I n s t a l l  at ion of weI r s ,  The gates contain- 
ing the weirs could be i n s t a l l e d  a t  any height so t h a t  water flow through the 
t i l e  l i n e  could proceed without any i n f l  uence of the weir o r  flow could be pre- 
vented unti l  the water t ab le  In the f i e l d  reached any desired hei g h t .  To prevent 
leaks o r  "b'lowouts" around the tanks,  so l i d  plastic drainage pipe was i n s t a l l e d  
fo r  15 m on the upstream s ide  of the tank. Thls technique was successful as 
there was no flow through the lower reaches of the t l l e  Sine when there was no 
flow through the weir.  

A t  the Tidewater Research Sta t ion near Plymouth, the control s t ruc tu res  were 
placed in  the open co l lec to r  d i tches .  These ditches not only ca r r i ed  the water 
from t i l e  dra ins ,  b u t  a l so  col lec ted the surface  runoff. An example of the 
s t r uc tu r e  used t o  maintaln a se lected groundwater level in the f i e l d  before flow 
could occur i s  shown i n  Figure 2 .  



P i  gure 1. I n s t a l l a t i o n  o f  control  structures and measurements and sampling equipment 
i n  the maha t t l e  l i n e  a t  the Lower Coastal P l a l n  Tobaeco Research Sta t ion .  



Figure 2 .  Water control structure and an example of water control tn a collector dltch a t  
the Tidewater Research Station. Htgh water level was during control and low 
water levels are s i x  hours and one day after control was released. 



Continuous s tage  recorders were placed I n  con $unctI on wl t h  each weir 
a t  both locations so t h a t  t o t a l  Plow could be computed, A semi-proportional 
water sampler1 was In s t a l l ed  a t  each weir t o  automatlcally co l l e c t  water 
samples, The water samples f n the automatfc samplers were collected weekly 
for  chemlcal analyses and the s tage  recorders were serviced a t  the time of 
sample col l ec t ion .  

A t  the Plymouth StatSon, porous ceramlc cups were placed a t  0.3,  0,6, 
0- 9,  1 " 2 ,  1 - 3  a n d  2 . 4  m in  each Pi el d for  takl n g  water samples f o r  chem9 cal 
analyses. The detai I s  of  ins ta l la t l 'on  a n d  sample cof lec t ion were described 
by Gambrel1 , Gilliam a n d  Weed (1974). These cups were located one-fourth 
of the distance between t w o  f ie1  d l a t e r a l s  in the be l i e f  t ha t  the condi t ions 
a t  t h i s  location would be representat ive of the average condi t ions between the 
l a t e r a l s ,  A t  each ceramlc cup i n s t a l l a t i on  s i t e ,  p l a s t i c  pipe access tubes 
were placed a t  the same depths as the ceramic cups for  the fnsert is i i  of 
platinum electrodes fo r  measurement of 0x1 dati  on-reduction potential  . The pro- 
cedure fo r  measurement of oxi dation-reduction potenti a1 was the same as descri bed 
by Gambrel 1 , Gi 1  liam and Weed (1  974). We1 1s were a l so  placed a t  the same lo- 
cat ion fo r  the measurement of  water t ab le  depth. During the f i r s t  few months 
o f  the experiment, water t ab le  depths were measured weekly In three f i e lds  and 
continuously recorded in one f i e l d .  During the renafning tfme, water table  
depth was continuously recorded by means of a  s tage  recorder in a l l  fie1 ds, 

Water s a ~ p l e s  from the automatic sampler were col lec ted weekly and analyzed 
for  N O m - N ,  NH4-N and to ta l  N .  A1 though we were primarily in te res ted  i n  %I;-N, 
the lo2ses of P a n d  C were of s u f f i c i e n t  i n t e r e s t  t h a t  we a l so  analyzed samples 
fo r  t o t a l  P and t o t a l  organjc C, A t  the time of col lec t ion of the water samples, 
a  grab sample was a l so  taken. When the automatlc sampler ma1 functioned, t h i s  
grab sample was t rea ted as though i t  was a  flow proportional sample and t h a t  
a7 l water whlch flowed through the wei r  s ince  the l a s t  sample had the same con- 
centratfon as the grab sample. The grab sample and flow proportional samples 
were b o t h  usually analyzed so t h a t  a good comparison of grab versus automated 
sampling can be made. The same chemical analyses were performed on samples taken 
from the ceramic cups a t  monthly Intervals  except t ha t  P was not determined on 
the cup samples, 

A t  each loea t lon ,  two f i e l d s  were allowed to drain normally and drainage was 
controlled In the other two f i e l d s ,  We i n i t i a l l y  planned to  control the water 
t ab le  only during the  winter because t h i s  i s  the time when the l a rges t  amount of 
NO';-N moves from the f i e l d s  f n  drainage waters, and there  was no chance of i n t e r -  
ference with cropping during t h i s  season. Later the control s t ruc tu res  were used 
durfng the growing season in some f i e l d s  both to  reduce the nutr ient  loss  via 
drainage and to  reduce dra'inage to  more e f f f c i e n t l y  u t i l i z e  ra in fa l l  for- crop 
production. !luring the l a s t  winter of the p ro jec t ,  the weir levels  in a11 Ins ta l -  
l a t ions  a t  the Plymouth Statfon were a l t e rna ted  between a  high water table  fo r  
approx'2 mate'ly two weeks and conventional drainage for two weeks. 

The samplfng frequency was proportional t o  s tage  upstream from the weir,  Since 
the flow ra te  1s nonlinearly re la ted  t o  s t age ,  the sampler i s  not a  proportional 
sampler as clalmed by some. 



RESULTS AND DISCUSS1 ON 

Moderately Ne1 l  Drained Sol l s  

The water control s t ruc tu res  in  the main t i l e  ou t l e t s  in  the moderately well 
drained s o t l s  a t  the Lower Coastal Plain Tobacco Research Stat ion near Kinston 
were very e f f ec t i ve  in control l lng the loss  o P  NO;-N through the t i l e  l i ne s  
(Fig.  3 ) .  The annual loss  of N O - - N  through the t i l e  l ines  under conventional 
drainage was 25-40 kg/ha. ~ f t r a s e - n i t r o g e n  movement through the l ines  was re- 
duced t o  1-7 kglha per year under control led drainage. The NO;-!! loss  under 
conventional drainage was very s imflar  t o  t ha t  measured in  a  previous experiment 
a t  t h i s  location (Gambrel1 , Gil l i  am a n d  !deed, 9 975b), The crops grown on the 
f i e l d s  during the  study period were corn, soybeans, wheat and tobacco. Our 
data i n  t h i s  experiment are  not s u f f f c i e n t  t o  determine the !I losses from each 
crop o r  t o  determine i f  there were any e f f ec t s  of IV f e r t i l i z e r  applicat ion 
r a t e  on N losses .  

Even though there  was a  dramatic decrease i n  NO; movement through the t i l e  
l ines  under control led condi t-ions as ant ic ipated during the desi gn of t h i s  _ 
experiment, t h i s  reduction in  movement was not a  r e s u l t o f  a  decrease i n  N O 3 - N  
concentration in  the t i l e  e f f l uen t .  The decrease i n  N O p N  f lux throu h the drain 
l ines  was due e n t i r e l y  t o  a  decrease in  water f lux through the l ines  qFi g.  4 ) .  
The control led  drainage reduced the annual water f lux through the t i l e  l ines  from 
185-270 mm to  5-30 mm. 

The control s t ruc tu res  were s e t  to  prevent drainage through the t i l e  l i ne s  
unti l  the sa tura ted water level i n  the f i e l d  immediately adjacent to  the  control 
was within 0 . 3  m of the so i l  surface .  During most ra in fa l l  events,  the water 
level in  the controlled f i e l d s  never reached a  level which would permit flow 
through the weir .  The t y ~ e s  of data obtained for  f i e l d  water levels  and water 
flow under controlled an3 conventional condftions a re  shown in  Fig. 5 .  The 
water t ab le  depth i n  Fig. 5 was measured ln  the o u t l e t  s t ruc tu re  immediately up- 
stream from the weir .  This depth Is assumed to be somewhat greater  than the 
water t a b 1  e  depth in  the f i e l d  a t  the same t lme,  A r a i n f a l l  of 31 mm produced 
a  flow of 9.0 mm through the t i l e  in  conventionally drained Field C. The same 
rain produced e s sen t i a l l y  no flow in Field D under controlled condl"tfons. The 
water l eve1 in  the  control led f f e l  d came t o  wl th in  0 . 3  m of the so i l  surface 
and remained near t h i s  level fo r  approximately two days. There was only a  very 
small amount of water which passed the weir (<0.1 m m ) .  After two days the  water 
level in the f i e l d  dropped a t  a  r a t e  of approximately 60 mm/day, This drop was 
apparently due t o  downward movement through the clayey 5 and C so i l  horizons 
and to  uni denti f ied  surface out1 e t s  . There were rai  nfal 9 events whi ch produced 
flow through the t i l e  l i ne s  as i s  a lso  i l l u s t ~ a t e d  in  Fig. 5 .  A r a i n f a l l  event 
of 102 mm produced a  flow of 35 mm through the controlled f i e l d  and 46 mm through 
the conventionally drained f i e l d .  Events l i k e  t h l s  were unusual though as i l l u s -  
t r a t ed  in Fig. 4 showing to ta l  flow data .  However, even under these conditions 
where there  were two r e l a t i ve ly  large  rains in  a  shor t  period of time, sa tura ted 
conditions exis ted  i n  the  topsoil  for  only a  r e l a t i ve ly  shor t  time period. 

The important question which s t i l l  remains a f t e r  presentat ion of the above 
data i s  w h a t  happened t o  the !4Om-M which was not allowed to leave the f ie1 ds via 
t i l e  e f f l uen t  under the  control fed condit ions.  The experiment was designed to  
determine i f  den l t r i f i c a t i on  of NO;-N which was previously leaving the f i e l d  via 
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Figure 3 .  Loss o f  NO--N through t h e  main t i l e  l i n e s  i n  four  f i e l d s  
a t  t h e  ~ o w 2 r  Coastal Plain Tobacco Research S t a t i o n  dur ing 
control  1  ed and conventional dra inage.  



CUMULATIVE TILE DRAIN AGE 
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Figure 4 .  Loss of water through the  main t i l e  l i n e s  i n  four  f i e l d s  a t  
t h e  Lower Coastal Pl a i  n Tobacco Research S t a t i on  duri  ng 
con t ro l l ed  and conventional drainage.  
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F igu re  5. F i e l d  wa te r  l e v e l s  and t i l e  f lows i n  a  c o n t r o l l e d  and i n  
a c o n v e n t i o n a l l y  d ra ined  f i e l d  d u r i n g  two r a i n f a l l  events 
Yc and VD r e f e r  t o  we i r s  i n  F i e l d s  C and D, r e s p e c t i v e l y .  



t i l e  outflow could be increased.  There i s  no evldence t h a t  d e n l t r i f i c a t l o n  was 
increased i n  these  moderately we1 l dratned sot 1s in the  f ie1  d .  For l  arge 
amounts o f  d e n i t r f f f c a t i o n  t o  occur, s a t u ~ a t e d  sot1  must reach an oxidat ion- 
reductton potent ta l  of  350 mV or  below (Pa t r t ck ,  1963) o r  must contain a  s i g n i -  
f i c a n t  amount o f  reduced microsi t e s  (Greenland, 4 9529, Under the  cont ro l l  ed 
water condi t i o n s ,  the  s o i l  always remai ned we1 1 oxl di zed (Eh>559 m V )  through- 
out  the  s o i l  p r o f i l e .  There a re  several requirements fo r  reducing conditions t o  
develop in  s o i l s .  These condit ions may be summarized by s t a t l n g  t h a t  microbes 
must be able  t o  use the  oxygen present  In s o ? l  f a s t e r  than l t  can be replaced 
by d i f fus ion from the  atmosphere. Thus, i t  I s  necessary t h a t  favorable condi- 
t ions  e x i s t  f o r  m i  crobial  a c t i  vt t y  and unfavorable condi t ions  fo r  oxygen di f fusfon.  
The microbes need a favorable temperature, pH and an energy source.  Since we 
could maintain sa tu ra ted  condit ions in  the topsoi l  f o r  only s h o r t  periods of  time, 
the condit ions f o r  microbial a c t i v i t y  during t h i s  time would have had t o  be r a t h e r  
favorable f o r  reducing condi t ions  t o  develop. As wi 11 be developed more exten- 
s i v e l y  l a t e r  in  t h i s  r e p o r t ,  we bel ieve t h a t  the primary l imi t ing  f a c t o r  f o r  
reducing condi t i o n s  was the  r e l a t i v e l y  low temperature (2-12°C) whi ch ex i s t ed  in 
these topso i l s  during 'the winter  when we were t ry ing  t o  increase  deni t r i  f i c a t i o n .  
En the  subsoi 1 s  , t he re  was not s u f f i c l e n t  energy source for  deni t r i  f i  ca t i  on t o  
occur. Thus, we bel ieve t h a t  l i  t t l e  d e n i t r i  f i  cat ion occurred in  any of  the  
f i e l d s  s tudied  a t  t h i s  s f t e .  

The above point  i s  i l l u s t r a t e d  by the  data I n  Table 7 showing the average 
No;-N content  i n  s i x  s o i l  p r o f i l e s  under water control and s i x  s o i l  p r o f i l e s  
from f i e l d s  which were draining f ree ly .  There appears t o  be s l i g h t l y  l e s s  N O Q - N  
i n  the  s o i l  p r o f i l e s  under cont ro l led  drainage condi t ions ,  b u t  the  NO;-N content  
I n  the  s i x  p r o f i l e s  under both cont ro l led  and uncontrolled drafnage was va r i ab le ,  
Each sampling s i t e  i s  l i k e l y  t o  l a rge ly  r e f l e c t  prevfous f e r t i l i z e r  h i s to ry  and 
y i e l d s .  However, i t  i s  possible t h a t  the apparently lower values under the  con- 
t r o l l  ed drainage condition a re  a resul  t o f  more denl ' tri  f i c a t i o n  under the  con- 
t r o l l e d  condit ions.  

Even though the re  apparently was l i t t l e  den i t r i  f i c a t i o n  i n  the  f i e l d  under 
cont ro l led  drainage condi t ions ,  the  f a c t  t h a t  most o f  the n i t r a t e  was not allowed 
t o  d i r e c t l y  e n t e r  surface  waters increases the chances t h a t  i t  wi l l  not e n t e r  
surface  waters .  I t  I s  possible t h a t  the n i t r a t e  may be l o s t  by den1 t r l  f f ca t ion  
i n  the s t reamline  toward a  seep o r  a t  the  seep i t s e l f  where the  gounjwater carry-  
ing the  n i t r a t e  en te r s  surface  water (Gi l l iam,  Daniels and Lutz, 9974: Lance, 
1972). Since the re  i s  l i t t l e  chance t h a t  f e r t i l i z e r  nitrogen wi l l  ever be a  
problem i n  deeper groundwaters ( > I 0  m )  i n  the North Carolina Coastal P la in ,  
(Daniel s  , e t  a1 , , 1978) there  i s  l  f t t l  e  danger t h a t  forcing more of the ni t r a t e  
t o  move in  subsurface water could be a problem. Thus, the  ne t  e f f e c t  o f  the  
groundwater control on these s o i l s  i n  reducing N~;-N en t ry  i n t o  surface  waters 
would have t o  be pos i t ive  even though i t  i s  not possible to  q u a n t i t a t i v e l y  evalu- 
a t e  the  reduction.  



Tab1 e 1 .  The average n i t r a t e  content of s i x  moderately we1 1 drained soi 1 
p rof i l e s  under controlled drainage and s i x  profi les  with no con- 
t ro l  . Samples were taken in January, 1976 a f t e r  a period of 
wet weather. 

Soi 1 

Average NO;-N Con t e n t  (ug/g) 

Depth ( m )  Control 1 ed 
Drai nage 

No Control 

Average NO;-N concentration in  t i l e  e f f l uen t  from above 
f i e l d s  a t  time of so i l  sampling was 14.8 ppm from con- 
venti onal l y  drai ned f i e l  ds and 12.1 ppm from control 1 ed 
f i e l  ds . 



Poorly Drained Soi S s 

Water management was more successful on the poorly drained s o i l s  a t  the 
Tidewater Research Sta t ton a t  Plymouth as compared t o  moderately well drai'ned 
s o i l s  a t  Kinston. We were able t o  maintain more w a t e ~  i n  the f i e l d s  fo r  a 
longer period of time a n d  exer t  a significant InP'iuence upon drainage pa t t e rns ,  
water t ab le  levels  a n d  nutr fent  losses t o  surface waters. We i n s t a l l e d  four 
control s t ruc tu res  a t  this location b u t  because of consis tent  problems a t  one 
col lec t ion dl tch  with water entering the ditch from an adjacent  wooded a rea ,  
only the data from three f i e l d s  were col lec ted a n d  analyzed fo r  the duration of 
the study. En the or ig inal  design of the experiment, i t  was planned to  com- 
pare r e su l t s  from two f i e l d s  wi t h  dralnage control w f t h  two f i e l d s  without con- 
t ro l  during the same time period. However, the data can more ea s i l y  be In te r -  
preted by comparing the same f ie1  d under controlled and conventional drainage 
durfng di f fe ren t  time periods. We did always have a t  l e a s t  one controlled and 
one uncontrolled fie9 d so t h a t  e f f e c t  of var ia t ion in rafnfa'll  from year to  
year could be analyzed. 

Water Table Control 

The e f f ec t s  of  the  water control s t ruc tu res  on the water t ab le  levels  
during the winter i n  Fields M ,  E and  D a re  i l l u s t r a t e d  in Figs. 6 ,  7 and 7 ,  
respectfvely.  (The water t ab le  levels  for  complete years a r e  gl ven 1n Appendix 
Figs. 1-13.) Although the water t ab le  depth in a l l  f i e l d s  'Is r e l a t i ve ly  shallow, 
even during conventional drainage, the e f f ec t s  of control in ra i s ing  the average 
water t ab le  level  i n  Fields M and E can be c l ea r l y  seen in these f igures .  
Rainfall c e r t a i n ly  has an e f f e c t  upon water t ab le  level b u t  the higher water 
t ab l e  during the years of controlled drajnage in Flelds M and E cannot be a t t r i -  
buted to  differences in  r a i n f a l l .  Phis i s  I l l u s t r a t e d  by the r e l a t i ve ly  high 
water t ab le  i n  Meld M during the winter of  9974-75 and r e l a t i ve ly  low water 
t ab le  level in  Field E during the  same period. The next winter when the control 
s t ruc tu re  was raised in Field E, the water tab1 e in Fie4 d E was hl gh and the lev- 
e l  l n  Fleld M was low. Our success in  control l ing the water t ab le  during the 
winter was not complete as shown in Fig. 8 fo r  Field D. The drainage in t h i s  
f i e l d  i s  poorer than in Fie1 ds M and E and I t  has a r e l a e j  vely hi gher water 
t ab le  than Fields M and E during f ree  drainage. Thus, our control s t ruc tu res  
had 11 t t l e  o r  no e f f e c t  upon f i e l d  water t ab le  levels  during the winter .  How- 
ever ,  as wil l  be shown l a t e r ,  the control did have an e f f e c t  upon quanti ty of 
drainage water l o s t  through the di tch .  

Ini t i a l l y  we planned t o  control drainage only during the winter .  However, 
we l a t e r  decided t o  attempt c o n t ~ o l  during the growlng season. This was done 
both t o  reduce nu t r i en t  losses  t o  surface water and t o  improve u t i l l z a t i o n  of 
r a i n f a l l  f o r  crop production. Our s t ruc tu res  allowed us t o  s e t  the controls  a t  
any desired l e v e l ,  and the contro'l was placed a t  a  lower level during the grow- 
Ing season to  lessen the chance of water damage d u r f n g  a  wet period. 

The s t ruc tu res  did have an e f f e c t  u p o n  water t ab le  level during the summer 
(Figs.  9 and 1 0 ) .  To see the e f f e c t ,  one needs to compare Fields E and F"1hich 
have s imi la r  drainage condi t lons .  During the summer of 1974, Fie1 d M was con- 
t r o l l ed  and Field E was not control led .  During the sumrner of 7976, the t r e a t -  
ments were reversed. June and July of 1974 were cons1 derably d r i e r  months than 
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June and  July of 1975 (177 mm ratn v s ,  259 m m ) .  However, the water table  in 
Field M during 1974 when drainage was control led  was e s sen t i a l l y  as high as i t  
was d u r i n g  the wetter  year of 1975 under f ree  drainage. Field E had a higher 
water t ab le  during 1976 when dt-alnage was control led than during 9974 when there  
was no control .  The water t ab le  levels  during 1975 were not shown because 
both f i e l d s  were controlled t h a t  year.  These d a t a  are  t n  Appendix Figures. 
The e f f e c t  of summer drainage control on drainage outflow through the ditches 
wil l  be discussed i n  a l a t e r  sect ion.  

NO;-N Concentration and Oxi dation-Reduction Potentials  

The control s t ruc tu res  a t  the Plymouth location were flashboard r i s e r s  
located in the col lec t ion di tches .  The dl tches co99ect both surface and sub- 
surface flow so the NO;-N concentration shown in  Fig. 11 for  the drainage 
water from the three  f l e l d s  represents the t o t a l  NO;-N leaving the surface 
waters during the wlnters,  There was a  f i e ld - to - f l e l  d dl" fference in  the average 
drainage water NO;-N concentrat ions,  but there  was a  tendency f o r  the concen- 
t r a t i on  from a  pa r t i cu l a r  f i e l d  t o  be sim-ilar from year to  year.  Field E was 
the only f i e l  d t o  show much var ia t ion in  t h i s  pattern as the NO;-N concentration 
was s i  gni f i c an t l y  higher in  the winter of 9975-76 than the previous two winters.  

The h j  gher water t ab le  during controlled drainage as shown in  Figs. 5-1 3 
did not a f f e c t  the N O a - N  concentration in the drainage waters of  a  pa r t i cu l a r  
f i e l d  (Fig.  1 1 ) .  ~ h i g  r e su l t  was i n i t i a l l y  qu i te  surpr is ing.  However, the 
average 0x1 dation-reduction po ten t ia l s  ( E h )  profi l e s  during the winters f o r  the 
f i e l d s  during control led and uncontrol9ed conditions (Figs .  '12, 13 ,  9 4 )  indi-  
cate t ha t  we should not expect a d i f ference in  N O - - N  concentration in  the drain- 
age di tches .  I t  i s  generally accepted t h a t  a  c r i2 ica l  E h  for  deni t r i  f i ca t ion  i s  
approximately 350 m V .  Above t h i s  potential  , l i t t l e  den.3 tr-i f i ca t ion  occurs in  
soi 1s whi l e  deni t r i  ff cat ion readf ly  occurs a t  lower Eh' s  (Pa t r i  ck, 1360). The 
so i l  p ro f i l e  above the drainage l i ne s  was generally oxidfzed under both con- 
t r o l l e d  and uncontrolled condit ions.  Since the E h  values a t  0 . 6  m or  below in  
Fields D and M were not great ly  l a rger  than those considered necessary fo r  deni- 
t r i  f i  ca t ion ,  some deni t r i  f i ca t ion  almost c e r t a i n ly  occurred In the micros-i tes  
of t h i s  zone. Field E had an Eh  p ro f i l e  which decreased with depth as did D 
and M ,  b u t  the  Eh a t  any given depth above 1 . 2  m was higher in  Fie1 d E than in 
the other two f i e l d s .  The e f f ec t  t ha t  t h i s  has upon denl t r i f i c a t l o n  can be seen 
in the higher NOm-N concentration in  the drainage ditch in t h i s  f i e l d  compared 
t o  the concentrasion in  ditches from the other  two f i e l d s .  

Fl el  d measurements of 0x9 dation-reducti on potenti t a l  s  a re  di f f i  cul t and 
the r e su l t s  extremely var iable .  The Eh  values given in Figs. 1 2 ,  93 and 1 4  a r e  
averaged from a t  l e a s t  s i x  d i f f e ~ e n t  dates ,  However, the consistency of the 
measurements fo r  the same depth a t  a  given s i t e  on d i f f e r en t  dates was very good. 
For example, there  were some depths which cons i s ten t ly  showed a  higher Eh than 
the depth immedlately above or below i t .  The repea tab i l i ty  of these measurements 
l  ends confi dence t h a t  Eh-depth r e l a t i  onshi ps a re  cor rec t .  A7 1 measurements 
made a r e  given I n  Appendl x Table 9 . 

The NO;-N concentrations i n  the s o i l  water obtalned t h r o u g h  the porous cups 
located a t  several depths in the so i l  p ro f i l e  i n  the three f i e l d s  a re  shown in  
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OXIDATION -REDUCTION POTENTIAL 

FIELD M 

C O N T R O L L E D  (WINTER, 74-75) 
----UNCONTROLLED ( WIN TER, 75 -76) 

Figure 12. 

DEPTH (m) 

Average oxi d a t i  on-reduction p o t e n t i a l s  a t  severa l  s o i l  depths 
i n  Fie ld  M a t  t h e  Tidewater Research S t a t i o n  during a  win te r  
of  con t ro l l ed  drainage and a  win te r  o f  conventional drainage.  
Each po in t  i s  an average of a t  l e a s t  s i x  measurements on di f -  
f e r e n t  da tes .  
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F igu re  13. Average o x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  a t  seve ra l  s o i l  depths 
i n  F i e l d  E a t  t h e  T idewater  Research S t a t i o n  d u r i n g  a  w i n t e r  
o f  c o n t r o l l e d  dra inage and a w i n t e r  o f  conven t i ona l  d ra inage.  
Each p o i n t  i s  an average o f  a t  l e a s t  s i x  measurements on d i  f- 
f e r e n t  da tes .  
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i n  Field D a t  t he  Tidewater Research Stat ion during a  winter  
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Figs. 1 5 ,  96 a n d  1 7  f o r  three  winters ,  The concentrat ion decreased w$ t h  depth 
and no N O T - N  was ever found a t  O,9O m o r  below in  Fie1 ds D a n d  M and be1 ow 9 .2 
m in  Fie1 d E. The general ly higher NO;-N i n  the  s o l l  p r o f i l e  i n  Field E as 
compared t o  the  o ther  two f i e l d s  corresponds welt wlth the hlgher NO3-N i n  the  
drainage d f t ches .  The h l  gher concentrat ions a l s o  follow Iogi c a l l y  from the  
higher Eh  o b s e ~ v a t i o n  ( F t  g. 9 3) as compared t o  o the r  f l e l  ds. The Eh In Fiel d E 
was above 490 m V  t o  a  depth o f  1 ' 2  m (Flg, 13 )  and t h l s  "f the only f i e l d  where 
NO3-N was ever observed a t  a depth of 1 . 2  m (Fig. 161 ,  In Fields D and M, the 
Eh  a t  1,2 rn was approx?mately 350 mV and no NOo-N was ever observed a t  t h i s  
depth o r  below. The general ly hlgher E h  i n  t h s  top 0.99 m of  tne  s o l l  i n  Field E 
1 s be1 ieved responsi blg f o r  the  general ly hi gher N O ~ - N  concentrat ion in t h i s  
zone and the  higher N O 3 - N  i n  the  dralnage d i tch  from t h l s  f i e l d .  Unfortunately, 
the  reasons f o r  the  higher Eh  in  Field E as compared t o  Field M a r e  not apparent 
to us, The s o i l  and drainage cond9tions f n  the two fSe9ds appeared t o  be very 
s i m i l a r ,  

Laboratory experiments discussed in  more d e t a i l  l a t e r  have he1 ped t o  ex- 
p la in  the  f i e l d  E h  p r o f i l e s .  The t e ~ p e ~ a t u r e s  which e x i s t  in the shallow 
ground water during much o f  the  winter range from 5 t o  15°C (Appendix Table 2 9 .  
A t  these  temperatures, the  topsoi l  and subsoil  wi l l  become reduced under sa tu-  
ra ted  condit ions b u t  t h i s  process takes a  few weeks, p a r t i c u l a r l y  f o r  the sub- 
s o i l s .  Under f i e l d  c o n d i t ~ o n s  , oxygenated water 9's frequently added i n  raynfa l l  . 
As t h i s  water moves through the  s o i l  p r o f i l e ,  the  oxygen i s  slowly u t i l i z e d  by 
the  s o i l  microbes so t h a t ,  belaw about 1 . 2  m ,  no oxygen e x i s t s  in  the s o i l  water .  
Below t h i s  depth, the  NO; 1s  r ead i ly  reduced as can be observed from the s o i l  
water NO;--N concentrat ion data .  

Total Loss of  Water and NO-N Through Ditches 

Since arainage control had l l  t t l e  o r  no e f f e c t  on the NG;-N concentrat lon 
i n  t h e  drainage waters from a p a r t i c u l a r  f i e l d ,  the t o t a l  N O 3 - N  l o s t  t h r o u g h  
the  di tches was d i ~ e c t l y  proportional t o  the  volume of drainage water ,  Drain- 
age volumes from Fields M, E and D during three  winters  of  the experlrnent a r e  
p lo t t ed  ~n Fig, 18 f o r  perlods of both cont ro l led  and uncontrolled drainage.  
A17 four f i e l d s  s tudied  showed sim3'lar reductions in  water  moving through the 
d i tches  under conevsl led  drainage . The t o t a l  r a i n f a l l  duri ng the drai  nag@ periods 
i s  a l s o  shown in $19. 18 .  Although va r i a t ions  in r a i n f a l l  t o t a l s  and the cia's- 
trl'blation a f f e c t  drainage vol  lames, t h i s  apparently was a  small f ac to r  in the  
measured d i f ferences  in outflow M O T  umes from csntroS led and l r n e o n t r o ~ ~ e d  dl tches 
during the  three  years  s t u d l e d ,  

D u r i n g  the  l a t e  f a l l  and wfnteer o f  7976-79, drainage was contr09'8ed i n  the  
f i e l d s  f o r  approximately two weeks a f t e r  a  substants"a1 r a i n f a l l  event ,  Then 
the  f ~ e l d  was a1 lowed t o  dva-in f r e e l y  un t i l  two weeks a f t e r  the next pain. 
Fields D and E a r e  adjacent  and were cont ro l led  in  the  same way. Drainage in  
Field M was uncontrolled during the  time t h a t  Fields D a n d  E here being con t ro l l ed  
and visa versa.  The e f f e c t s  o f  a l t e r n a t e  control and no control upon drain- 
age volumes a r e  shown i n  Fig, 19,  The e f f e c t s  a re  magnified by the s torage  of  
water I n  the  upper p a r t  o f  the  p r o f i l e  during control and drainage of t h i s  water 
when t h e  cont ro ls  were removed, However, s o i l  s to rage  and drainage do not account 
f o r  a l l  o f  the  d7fferences and the  e f f e c t s  of  control can be e a s i l y  seen i n  Fig. 
'1 9, 
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Figure 15. Concentration o f  NO--N i n  t h e  s o i l  water a t  various depths i n  the  
s o i l  p r o f i l e  o? s e d r a l  dates  i n  Field M a t  t h e  Tidewater Research 
S t a t ?  on. 
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Figure 17. Concentration of  NO;-N i n  the  s o i l  water a t  various depths i n  the  s o i l  
p r o f i l e  on several  dates  i n  Field D a t  the  Tidewater Research S t a t i o n .  
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CUMULATIVE DRAINAGE 
Winter 

RAINFALL 
1973 - 1974 4 2 3  mm 
1974- 1975 308 mm 
1975 - 1976 266 mm 

FIELD E 

DECEMBER JANUARY , ' FEBRUARY 

DECEMBER ' JANUARY I FEBRUARY 

Figure 18. Cumulative drainage volumes through c o l l e c t o r  d i tches  i n  
Fields  M ,  E and D a t  t he  Tidewater Research S t a t i on  during 
winters  o f  control  led and conventional drainage.  
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Figure  19 .  Curnulati ye d ra inage  volumes i n  the three c o l l e c t o r  d i t c h e s  d u r i n g  pe r i ods  of  
a1 t e r n a t e  and con t ro l  1 ed and convent iona l  d r a inage .  The numbers on t h e  1 i nes  
show NO>N concen t r a t i on  d u r i n g  d r a i n a g e .  



Reduction in  drainage water occurred not only durl n g  control led  conditions 
during the  winter  b u t  a l s o  occurred when drainage was cont ro l led  during the 
summer (Fi g,  20 ) . Di fferences between control 1 ed and uncontrol 1  ed drainage 
(from one f i e l d  during dl ' f ferent  y e a r s )  9s of  l imi ted  value because r a i n f a l l  
va r i a t ions  may cause l a rge  di fferences i n  flow, However, we were not able  t o  
control drainage of  a l l  f ie1  ds during the summer fo r  a  number o f  reasons. 
Thus, no comparison between contro l led  and uncontrolled f l e l d s  during the same 
summer i s  ava i l ab le .  However, the  data shown in  Ft gs.  18 and 19 f o r  o the r  
seasons help just1 fy the  conclusion t h a t  the  dl fferences noted in  Fig. 20 f o r  
the  summer was a r e s u l t  o f  drainage control and not r a i n f a l l  va r i a t ion .  

When the  t o t a l  drainage was summed f o r  a yea r ,  the reduction in water 
moving through the  control led drainage di tches was approximately 50%. Thus, 
the  t o t a l  NO;-N ( a l so  P, Cl'and C )  moving through the  cont ro l led  di tches was 
approximately ha1 f  t h a t  of  the  uncontrol 1 ed di tches . The t o t a l  N O - - N  1 eavi n g  
the conventionally drained f i e l d s  was 25 t o  30 kg/ha-yr and s l ightYy l e s s  than 
ha l f  t h a t  amount in  th$ cont ro l led  f i e l d s .  During the winters (Dec., Jan . ,  Feb. ) ,  
t he  average loss  o f  NO - N  through the uncontrolled d i tches  was approximately 
11 k g / h a  and approximasely 5 kg/ha under control 1  ed condl t i  ons . 

Since l e s s  water moved in  drainage d i tches  from the cont ro l led  f i e l d s  than 
from the  uncontrolled f i e l d s  and s ince  these d i tches  were removing both sur-  
face and some subsurface water ,  the  question a r i s e s  as t o  what happened to  the 
water from the  cont ro l led  f i e l d s .  There a re  three  apparent p o s s i b i l i t i e s  t o  
account fo r  tbe measured df fferences in f1 ow f o r  cont ro l led  and uncontrol led 
f i e l d s :  ( I )  Control s t r u c t u r e s  may have leaked o r  were by-passed and water 
was simply not measured, However, the amount of  water which would have t o  by- 
pass the  s t r u c t u r e  t o  account f o r  the measured d i f ferences  and the  lack o f  
evidence of leaks below the  s t r u c t u r e s  lead us t o  concll ude t h a t  t h i s  could not 
have accounted For the  observed d l f ferences  i n  outflow. ( 2 )  Evapotranspiration 
may Rave tncreased in  the f i e1  As with a  control 'led water tab1 e .  This mechanism 
probably does account f o r  a  portlon of the d i f ference  in flow, p a r t i c u l a r l y  during 
the summer months. However, t h i s  would not explain the  d i f ferences  noted durlng 
the  winters .  ( 3 )  More of the water l e f t  the area via deep seepage. The s o i l s  
a t  t h i s  s i t e  general ly have a  sandy loam surface  (0-0,7 m ) ,  a sandy c lay  loam B 
(0 .7-1.5  m) and loamy sand o r  sandy loam below t o  a  depth of approximately 5 m .  
Below the  sandy horizon i s  a  much more compact zone whl'ch serves as an aquiclude.  2 
Much of the  di fference in  the  measured flows i n  the di tches during control led  
condit ions i s  probably a  resul t of an increase  i n  l a t e r a l  flow from the con t ro l l ed  
f ie1  ds through the  sandy layers  below the  B horizon and above the aquiclude. 
This increased deep seepage would r e s u l t  from the g rea te r  head during contro l led  
condit ions as a  r e s u l t  of  the  higher water t ab le  (Fig .  6-10) .  This would explain 
the  dl 'fferences noted i n  Fields M and E .  However, we were not able to  measure 
any s ign i  f i c a n t  d i f ference  i n  the water t a b l e  i n  Field D between contro l led  and 
uncontrolled drainage.  There was d e f i n i t e l y  a  higher water level  in  the  c o l l e c t i o n  
d i tch  under cont ro l led  condi t ions .  Et 9s possible t h a t  there was a  r e l a t i v e l y  
l a rge  flow of water from the  d i t ch  i n t o  the  sandy loam l a y e r  which extends t o  a  

L Soi 1 s were d r i l l e d  and described by R .  B .  Daniels and E, E .  Gamble t o  whom 
appreciat ion i s  expressed. 
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depth of approximately 5 m .  Even though there was not an observed difference 
in  the f i e l d  water t ab le  l eve l ,  reduction in flow through the co l lec to r  di tch 
was about the same as in the other  f l e l d s ,  

As discussed e a r l i e r ,  e s s en t i a l l y  a l l  of the NO; which moves i n t o  the so i l  
hori zon below 1 m i s  be1 ieved t o  be den1 t r i  f l e d ,  The water tab1 e control re- 
sul ted i n  approximately 50% l e s s  NO;-N leavlng the area i n  surface runoff. Much 
of t h i s  NO"-N i s  believed t o  have moved Into subsurface horizons where i t  was 
d e n i t r i f i e a .  The increased amount of den l t r l f l c a t l on  did not occur in  the sur-  
face 30-60 cm as we envisaged during the design of t h i s  experiment b u t  the de- 
crease i n  movement t o  the surface waters was real and due t o  an increase in  
deni t r i  f i c a t i on .  

Loss o f  Total P, Kjeldahl N ,  C1-and Organic C 

The primary purpose of these experiments was to  determine i f  water control  
could be used t o  reduce the NO'-N content of drainage waters from drained 
f i e l d s  b u t  we a lso  measured otger  nu t r i en t s .  Since the primary mechanism by 
which loss  of N O e - N  was reduced was the decrease in flow of water through the 
t i l e  l i ne s  o r  cof lec to r  d i tches ,  there  was a l so  a reduction in apparent loss  of  
o ther  nutr ients  through t h i s  mechanism. The f lux of t o t a l  P ,  Kjeldahl N ,  C1- 
and organic C f o r  a year of uncontrolled drainage i s  given in Table 2 .  There 
was no indication of a change in concentration of any parameter as a r e su l t  of  
drainage control so  the  approximately 50% reduction In drainage water through 
the ditches would indicate  a 50% reduction in these nutr ients  a l so .  

Table 2 .  Flux of se lected nu t r i en t s  through the co l lec to r  di tches in  three 
f i e l d s  a t  the Tidewater Research Sta t ion during approximately a year 
o f  conventional drainage. 

Flux kg/ha 
Field and Time Period 

Nutrient 

Kjel dahl-N 
Total P 

Organic C 

c1- 



Although no data a r e  ava i l ab le  from these experiments, we can specula te  
as  t o  what might happen t o  these nu t r i en t s  whlch were not allowed t o  drain 
through the  surface  d t t ches ,  Although the annual loss  of  t o t a l  P was extremely 
low, drainage control should have reduced t h l s  f igure  even more because much 
of  the  P would have been removed from the increased amount of  water whfch moved 
down through the  s o i l  p r o f i l e .  The same l s  probably t rue  f o r  organic C and 
Kjeldahl N ,  Et l s  improbable t h a t  there  was any change as a r e s u l t  of control 
i n  the  amount of  Cl' whtch u l  t imate ly  reached surface  waters.  The cons i s t en t ly  
higher Clmcontent o f  the  dralnage waters from Field M as compared t o  the  o ther  
f f e l d s  9s noteworthy. This concentratSon difference was t rue  throughout the 
p ro jec t  b u t  we can o f f e r  no explanation.  

LABORATORY EXPERIMENTS 

D u r i n g  the  f i r s t  winter  of  f i e l d  s t u d i e s ,  the oxidat ion-reduction p o t e n t i a l s  
measured i n  the  top meter of the sol1 prof l e s  and the NO;-N content  of the  
drainage waters indica ted  t h a t  drainage control was not r e s u l t i n g  f n a large  
Increase ln  deni tri f i  cat lon i  n the  Ap and B horizons of the  soi  l  . Our previous 
work (Gambrel1 e t  a1 . , 1975) had shown t h a t  deni t r i  f i c a t i o n  di d occur g n  poorly 
drained subso l l s  during the winter  when much of the NO;-N was leached. However, 
s ince  i t  i s  well known t h a t  low temperatures can l i m i t  microbial a c t i v i t y  and 
deni tri f i c a t i o n ,  the  inf luence  of  temperature upon d e n i t r i  f i c a t i o n  r a t e s  in  the  
topso i l s  and subso i l s  from the  two f l e l d  study s i t e s  was invest3 gated.  

The temperatures i n  the  upper p a r t  of  the soi 1 p r o f i l e  were 5-1 5°C during 
much of the  winter  (Appendlx Table 2 ) .  Focht and Chang (1975),  I n  an exce l l en t  
review on deni t r i  f i c a t i o n ,  concluded from cur ren t  l i t e r a t u r e  t h a t  deni t r i  f i c a t i o n  
r a t e  i s  a f fec ted  more below the  10-15°C range t h a n  would be predicted by an 
Arrhenius r e l a t i o n s h i p .  Bat ley and Beauchamp (1 9739 found no deni t r i  f i c a t i o n  
i n  t h e i r  s o i l  a t  5'C, but o thers  (Nommi k ,  1956; Bremner and Shaw, 1958; S i  kora 
and Keeney, 1975; Stanford,  Dzienia and Vander Pol, 1975a) observed deni t r i  f i -  
ca t ion  a t  t h i s  temperature. Some of the  reported d i f ferences  in  temperature 
e f f e c t s  on d e n i t r i  f i c a t i o n  (published Q I 0  values range from 1 . 4  t o  3.6, Focht 
and @hang, 9975) may be p a r t i a l  'ly explained by the work of  Novak (9974).  His 
s tud ies  indicated t h a t  the  temperature e f f e c t  on d e n i t r i f i c a t i o n  r a t e  depends 
l a rge ly  upon the  s u b s t r a t e  being used as an energy source by the  microorganisms. 
I f  t h i s  i s  c o r r e c t ,  few s tud ies  on temperature e f f e c t s  would be appl icable  t o  
f i  e l  d s o i l  s  because most experiments were conducted with energy sources added 
t o  s o i l s  (Bremner and Shaw, 1958) or  i n  materfals  such as sludges (Mul barger ,  
1971 ) . Recently, Smi d and Beauchamp ( 4  976 1 have shown t h a t  addi t i  on of  an energy 
source t o  s o i l s  had a l a rge  e f f e c t  upon the temperature influence upon r a t e  of  
deni t r i  f i  ca t ion  . The ob j ec t i  ve of these 1 aboratory experiments was to  determine 
the  changes i n  d e n i t r i  f t c a t l o n  r a t e  caused by normal temperature va r i a t ions  en- 
countered i n  topso i l s  and subso i l s  of North Carolina,  

MATERIALS A N D  METHODS 

The A and B horizons o f  the  Cape Fear and Goldsboro s o i l s  were se lec ted  f o r  
use. The Cape Fear s o i l  (Typic Urnbraquul t )  i s  ~ e p r e s e n t a t i v e  of the  r e l a t i v e l y  
high organic mat ter ,  poorly drained s o i l s  which occur i n  the lower Coastal Plain 
o f  North Carolina.  The Goldsboro sol 9 QAquic Pa'ieudul t )  i s  representa t fve  of  
the  most productive,  moderately well drained sol 1s found i n  the  middle and upper 
Coastal PI a in .  Some chemical and physi cal character1 s t i  cs of both topsoi 1 s  and 
subsof ls  a r e  given i n  Table 3. 



Table 3. Selected chemical and physical cha r ac t e r i s t i c s  of the soi 1 materials  
used in the laboratory study. 

Go1 ds boro Cape Fear 

Topsoi 1  Subsoi 1  Topsoi 1  Subsoi 1 

Depth, cm 0-25 35-60 0-25 40-60 

Texture s . 1 .  c .1 .  1 .  c .1 .  

Bulk dens$ t y  (gm/cm) 1.4 1,5 1  .0 1 .2  

* 
Soil pH was measured in the center  of the so i l  columns near the  end of 
the experiment. The pH's measured a t  t h i s  time were < 3.5 pH unit  d i f -  
f e ren t  from i n i t i a l  pH. 

The s o i l  materials  were a i r -d r l ed ,  passed through a  10-mesh s ieve  and placed 
i n  3.2-cm ( I .D . )  plexiglass cylinders t o  a  depth of 20 cm. The materials  were 
placed in the cylinders t o  give approximately the same bulk densi t i e s  which 
occur in  the  f i e l d  (Table 3 ) .  To prevent the unusually rapid decrease i n  oxi- 
dati  on-reduction potenti a1 a n d  rapid den? t r i  f i  cat ion which commonly occur when 
a i r -d r ied  s o i l s  a re  sa tura ted (Yamane and Sato,  1968; Cawse a n d  Sheldon, 1972),  
the i n i t i a l  water applicat ion was s u f f i c i e n t  only t o  moisten the s o i l .  The 
moistened s o i l  was allowed t o  s t a n d  a t  room temperature fo r  two days and  then 
the contai ners were t rans fe r red  to  temperature control 1  ed water baths. After 
one week i n  the water baths,  KN03 solut ions  were added to  each so i l  t o  s a tu r a t e  
each so i l  column. The NO; added t o  each column was calcula ted t o  give appro- 
ximately 10 mg NOq-N/l of  s o i l  solut ion which i s  a  common concentration found 
moving i n to  subsohs  of the North Carolina Coastal Plaln. 

To obtain s o i l  solut ion samples during the course of the experfment, small 
(6mm 0 .0 . )  porous ceramic cups were placed ln  the center  of each column during 
the column packing. Tygon tubing extended from the cup t o  the top of the column. 
Solution samples were obtained by putt ing a  vacuum on the Tygon tubing and ceramic 
cup and uslng a  syringe with cap i l l a ry  tubing at tached t o  remove the solut ion which 
moved i n to  the  cup. Approximately 2 ml of solut ion were removed a t  each sampling. 
Soil solut ion samples were analyzed fo r  NO;-N by determining the NO; absorbance 
a t  approximately 206 nm and correct ing for  the absorbance a t  t h i s  wavelength 
caused by organic matter (Gambrel1 e t  a l . ,  1975a). N i t r i t e  was determined color- 
imet r i ca l ly  by the procedure described by Lowe and Hamil ton (1967). 

Each time t h a t  so i l  solut ion samples were taken, redox measurements were 
made by inse r t ing  two br ight  P t  e lectrodes t o  approximately the middle of the 
columns. The e lect rodes  were a1 lowed t o  remaln in  place fo r  approximately two 



hours and the  potent ia l  a t  each e lec t rode  was determined using a  calomel e lec-  
t rode placed in  so lu t ion  a t  the top of the  column as a  reference e lec t rode .  
The values (Eh) reported a re  the  average of 8 determinations and a re  not 
correc ted  t o  a  speci fs"e pH,  

Four cylinders of  each s o i l  material were placed i n  each o f  th ree  water 
baths cont ro l led  a t  5 ,  15,  o r  25'C. These temperatures were chosen because 
they encompass the  temperature range normally encountered i n  shallow ground 
water i n  North Carolina s o l l s ,  

R ES IS ETS 

Changes i n  s o i l  so lu t ion  NO;-N concentrat ions with time a re  shown i n  F i g -  
ures 21 and 2 2 ,  Concentrations of the  f i r s t  s o i l  sol utlon samples taken were 
signWicant9y g rea te r  than the  added 10 mgfl i n  a l l  samples except f o r  the  Cape 
Fear s u b s o i l .  The very h i g h  NO-N concentrat ion in  the Cape Fear topsoil  i s  
presumed t o  be a  r e s u l t  of  mineral izat ion and n i t r i  f i c a t i o n  during the  9-day in-  
cubation period s ince  f i e l d  samples were much lower i n  N O - - N  concent ra t ion .  We 
(Gambrel 1, Gill  lam, and Weed, 1974) have previously measuged NO;-N concentrat ions 
o f  s i m i l a r  so i  9 l"n t he  f ie1  d of over 100 mg/9 b u t  the  high concentrat ions ob- 
served j n  t h i s  study were probably a  r e s u l t  of the increased microbiological 
activ9 t y  subsequent t o  the  mojstening of  the  ai  r -dr ied  s o i l  . Mineral i z a t i o n  
and ni t r i  f l  ca t ion  a l s o  apparently occurred i n  the  Go1 dsboro topsoi l  during S n-  
cubati on. 

The high NO;-N concentration ( g r e a t e r  than 10 mg/l) i n  the  Goldsboro sub- 
s o i l  i s  a  r e s u l t  o f  N O - - N  present  a t  the  time of s o i l  sample c o l l e c t i o n .  Et B i s  unusual t o  f ind f i e  d samples of the  Cape Fear subsoil with a  sl'gni f i c a n t  
NO;-N concentrat ion due t o  t h e  reducing condit ions which frequently e x i s t  (Gi l l iam 
e t  a l . ,  1974) and t h i s  i s  r e f l ec ted  by NO;-N concentrat ion i n  t h l s  subsoil  being 
very c lose  t o  t h e  70 mgf9 added. 

The changes i n  N O - - N  with time a r e  depicted on a  l i n e a r  s c a l e  as  though 
den1 try f i c a t i o n  was inaependent o f  concentrat lon and followed zero order  k i n e t i c s .  
However, deni t r i  f i c a t i o n  r a t e s  f l  t f l  r s t  order  and zero order  k fne t i c s  about 
the  same when zero order  and f i r s t  order  r a t e  constants  were compared by regres-  
s lon s t a t l ' s t i e s  (Table 4)  as done by Stanford ,  Vander Po7 , and Dzienia (1975b). 
During rapid  deni t r i  ff ca t ion ,  f i r s t  order  k ine t i c s  were b e t t e r  than zero order  
ki net t  cs i n  descri  bing the  den1 t r i  Pi c a t i  on r a t e s ,  Several authors (Nommi k , 
9956; Wemner and Shaw, 1958; Pat r ick ,  9960) have prewiolasTy concl uded t h a t  deni- 
tr4 f i c a t i o n  r a t e s  were -independent o f  concentrat ion ( i  . e . ,  zero o rde r )  whi l e  s t i l l  
o thers  (Mu1 barger ,  1931 ; Si Kora and Keeney, 9 975; Stanford e t  al , , 1975b) have 
concl uded t h a t  r a t e s  were bes t  descri  bed by f i r s t  order  k i n e t i c s ,  Bowman and 
Focht (7974) concluded t h a t  zero order  o r  f i r s t  order  k ine t i c s  were o f t en  j u s t  
the  extreme ends of  the  standard Mi chael i  s-Menton curves i n descri  bi n g  deni t r i  - 
f i c a t i o n .  There was 9 % "  tt7 e  dl" fference between zero order  and f i r s t  order  cor- 
relation eoeff4cients  fo r  the  subso i l s  s tud ied .  Thus, data a r e  presented on a  
l  i  near graph, Subsoi 1 s  a re  more frequently sa tu ra ted  t h a n  topsoi Is and whether 
o r  not d e n l t r i f i c a t i o n  occurs in  subsoi ls  has a  l a rge  influence upon N O - - N  con- 
cen t ra t ions  of  drainage waters from these  s o i l s  (Gambrel1 e t  a1 . , 1975af. 

The r a t e  of  N O m - N  l o s s  i n  the  Goldsboro topsos"1 jncreased from an aver- 
age o f  .53 mg ~ o ; - ~ Q l / d a ~  a t  5'C t o  2 . 4  mg NO;-N/l/day a t  25' C and increased 






















































































































































