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INTRODUCTION
Cl imate  change dr iven by  anthropogenic  sources  of  atmospher ic  carbon d iox ide  i s
one of  the  most  press ing env i ronmental  and soc ia l  i ssues  of  our  t ime.   Changes  to
land management  pract ices ,  such as  those  descr ibed be low,  have the  potent ia l  to
sequester  carbon f rom the  atmosphere ,  which i s  essent ia l  to  s low c l imate  change.   
Regenerat ive  agr icu l ture  seeks  to  restore  so i l  heal th  and b iodivers i ty  through
cul t ivat ion pract ices  such as  conservat ion t i l lage,  the  use  of  cover  crops ,  and
integrat ion of  l i vestock  (Newton et  a l . ,  2020) .  The Gulch Env i ronmental  Foundat ion i s
convert ing the i r  recent ly  acquired farm,  Rainmaker  Farm,  f rom a convent ional  t i l led-
wheat  to  no-t i l l ,  d iverse  crop model  us ing regenerat ive  agr icu l tura l  pract ices .   As
part  of  th is  e f for t ,  they  are  monitor ing the  changes  to  so i l  heal th  in  a  way that  can
be evaluated for  change to  carbon leve ls  in  a  s tat is t ica l ly  s ign i f icant  manner  and
wi l l  a lso  meet  the  requi rements  of  mul t ip le  cert i f icat ion programs.   Regenerat ive
agr icu l ture  cert i f icat ion programs requi re  monitor ing of  so i l  carbon sequestrat ion
rates .  There  are  a lso  a  number  of  carbon credi t  programs,  such as  the  Regenerat ive
Organic  Cert i f icat ion,  Ok lahoma Carbon Program,  and carbon monitor ing protocols
by  the  Food and Agr icu l ture  Organizat ion of  the  Uni ted Nat ions ,  that  evaluate  the
amount  of  carbon sequestered in  so i l .   

Whenever  poss ib le ,  i t  i s  preferable  to  sample  so i l s  pr ior  to  any s igni f icant  changes  in
cul t ivat ion –  th is  prov ides  a  base l ine  of  in format ion.  Without  an understanding of
base l ine  condi t ions  pr ior  to  land use  change,  i t  i s  imposs ib le  to  att r ibute  any change
in  so i l  carbon to  the  management  pract ices .  So i l  in  a  f ie ld  can vary  wide ly  in  terms
of  texture  ( i .e . ,  the  percent  of  sand,  s i l t ,  and c lay) ,  management  h is tory ,  and other
propert ies  that  are  known to  in f luence so i l  carbon contents .  Pr ior  landowners  may
have a lso  chosen where  they  implement  cu l t ivat ion pract ices  based on the  observed
di f ferences  in  so i l  type.  In  other  words ,  current  d i f ferences  between management
areas  may have a l ready ex is ted pr ior  to  cu l t ivat ion so  i t  i s  not  poss ib le  to  say  wi th
certa inty  what  i s  dr iv ing d i f ferences  unt i l  the  change over  t ime is  quant i f ied.  The
response of  carbon to  management  could  be mediated by  these  pre-ex is t ing
di f ferences .  Thus ,   base l ine  sampl ing and analys is  a ims to  character ize  the  d i f ferent
areas  of  a  farm and capture  the  spat ia l  var iabi l i ty .  

Here ,  we present  resu l ts  of  base l ine  sampl ing and analys is  of  so i l  at  Rainmaker
Farm.  We col lected and analyzed so i l  samples  (F igure  1 ,  Table  1 )  in  a  manner  that
was suf f ic ient  to  prov ide  data for  future  assessments  of  ecosystem serv ice
enhancements ,  part icu lar ly  carbon sequestrat ion,  resu l t ing f rom implementat ion of
regenerat ive  agr icu l ture  pr inc ip les .  Our  methodology a lso  met  the  cr i ter ia  for
mult ip le  carbon assessments ,  inc luding Regenerat ive  Organic  Cert i f icat ion,  The Food
and Agr icu l ture  Organizat ion of  the  Uni ted Nat ions  (FAO UN)  Carbon (FAO UN,
2020) .  In  addi t ion to  tota l  organic  carbon,  we a lso  measured the  carbon in
part icu late  and mineral -assoc iated organic  matter  f ract ions ,  which are  cons idered
the act ive  and s low-cyc l ing pools  of  carbon,  respect ive ly .   Mineral -assoc iated  
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organic  matter  i s  a  more  s table ,  pers is tent  form of  carbon.  Whi le  th is  measurement
is  not  current ly  a  requi rement  of  cert i f icat ion programs,  i t  could  be in  the  future  as
there  i s  increas ing interest  in  look ing beyond tota l  carbon.  From the  s tandpoint  of
regenerat ive  agr icu l ture ,  i t  would  be benef ic ia l  to  increase the  quant i ty  of  both
forms of  organic  matter ,  part icu late  and mineral -assoc iated,  as  they  prov ide  two
dist inct ,  but  compl imentary  serv ices .  Part icu late  organic  matter  i s  more  sens i t ive  to
management ,  and we expect  would  respond more  quick ly  in  the  short - term ( i .e . ,
wi th in  f ive  years)  to  regenerat ive  agr icu l tura l  pract ices .  At  the  same t ime,  th is
organic  matter  i s  just  as  sens i t ive  to  d is turbance and could  be lost  just  as  quick ly  as
i t  i s  gained.  Mineral -assoc iated organic  matter  takes  longer  to  form but  i s  more
res i l ient  to  d is turbance and thus  could  be seen as  a  key  long-term reservoi r  of
carbon.  As  such,  i t  may be valuable  to  monitor  the  changes  in  these  f ract ions  of
organic  matter  in  addi t ion to  tota l  organic  carbon.   In  addi t ion to  carbon,  we a lso
measured addi t ional  so i l  metr ics  (pH,  N ,  P ,  and K)  to  prov ide  guidance on farm
management  needs.  

R A I N M A K E R  F A R M  -  B A S E L I N E  S O I L  S A M P L I N G  F I N A L  R E P O R T

Figure 1. Map of soil sample locations at Rainmaker Farm. The black lines indicate the Natural

Resource Conservation Service (NRCS) soil map with the corresponding soil map unit in white text.

This is a highly diverse and complex soil system with soils derived from alluvium and shale bedrock.

The four management zones are labelled in yellow text.  

SAMPLING LOCATIONS AND SOIL MAPPING UNITS

NW REGION

PASTURE

SOUTH REGION

NE REGION
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We col lected so i l  samples  to  meet  the  requi rements  of  the  Regenerat ive  Organic
Cert i f ied  program and the  CSOC MRV Protocol  publ ished by  the  FAO UN.  The
sampl ing and analys is  requi rements  for  each program is  deta i led in  Table  2 .  Af ter
rev iewing the  requi rements  of  each program,  we dec ided to  conduct  an addi t ional ,
more  extens ive  round of  sampl ing that  we be l ieved was necessary  to  accurate ly
monitor  changes  in  carbon stock .  

On October  26 ,  2021 ,  Jason Warren,  Andrew Whitaker ,  and two Oklahoma State
Univers i ty  (OSU)  graduate  s tudents  conducted th is  extens ive  sampl ing campaign.
F ive  cores  were  co l lected wi th in  30 feet  of  each of  the  sample  locat ions  indicated in
F igure  1  and Appendix  1  (spat ia l  data f i les)  wi th  a  hydraul ic  2 - inch d iameter  so i l
probe to  a  depth of  36  inches .  Each core  was cut  to  0-4 ,  4-8 ,  8- 12 ,  12 - 18 ,  18-24,  and
24-36 inches .  A  “sample”  re fers  to  an indiv idual  depth range f rom a s ingle  core .  Each
sample  was p laced in  separate  Z ip loc  bags in  the  f ie ld  at  sampl ing.    The samples
were  weighed,  and a subsample  removed to  determine f ie ld  moisture  for  each depth
of  a l l  cores .  The subsamples  were  weighed then dr ied at  230 degrees  F  and   

Ass igned region and so i l  map uni ts  for  each sampl ing locat ion.  

SAMPLING METHODOLOGY

TABLE 1
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weighed again  to  determine moisture  content  of  the  so i l  at  sampl ing.  Th is  was used
to calcu late  the  bulk  dens i ty  of  each segment  co l lected.  The remain ing sample  was
air -dr ied.  The data reported for  these  samples  on the  whole  so i l  bas is  inc lude bulk
dens i ty ,  tota l  n i t rogen,  tota l  carbon,  and carbon/ni t rogen rat io .  The bulk  dens i ty
was appl ied to  carbon concentrat ions  to  determine the  carbon stock  in  terms of  Mg
of  CO2 equivalent  per  acre .  The a i r -dr ied samples  were  fur ther  processed to  i so late
part icu late  organic  matter  (POM) and mineral -assoc iated organic  matter  (MAOM)
fract ions ,  which represent  act ive  and s lower-cyc l ing forms of  organic  matter ,
respect ive ly .  We determined the  mass  d is t r ibut ion across  f ract ions  ( i .e . ,  percent  POM
or  MAOM by weight)  in  addi t ion to  the  carbon and n i t rogen contents  of  each
fract ion.

Sampl ing for  base l ine  nutr ient  analys is :  In  addi t ion to  the  so i l  cores  for  carbon
sequestrat ion monitor ing,  we co l lected composi te  samples  on October  30,  2021  for
rout ine  nutr ient  analys is  f rom each management  zone to  a  depth of  0-4  inches  wi th
0.75- inch push probes .  In  each management  zone,  25  subsamples  were  co l lected and
mixed to  create  1  composi te  sample  for  each management  zone.  These  samples  were
taken to  prov ide  fer t i l i zer  recommendat ions  for  the  farm.  

Sampl ing to  meet  requi rements  of  ROC and FAO UN cert i f icat ion programs:  On
August  1 ,  2022 ,  Jason Warren conducted sampl ing wi th  a  0 .75- inch hand probe to
sat is fy  the  requi rements  of  the  Regenerat ive  Organic  Cert i f icat ion and FAO UN
carbon monitor ing programs (Table  2) .  For  the  Regenerat ive  Organic  Cert i f icat ion,
two composi te  samples  were  taken f rom each management  region.  For  the  FAO UN
program,  f ive  composi te  samples  were  taken f rom each region.  Note  in  Table  2  that
there  are  d i f ferent  depth requi rements  for  each program.  So i l  samples  were
submit ted to  So i l ,  Water ,  and Forage Analyt ica l  Lab at  OSU for  analys is  of  e lectr ica l
conduct iv i ty ,  pH,  and texture .  The methods for  analyz ing pH,  e lectr ica l  conduct iv i ty
are  s tandardized across  accredi ted so i l  analys is  labs  and so  the  spec i f ic  protocol  i s
not  prov ided here .  The samples  were  addi t ional ly  analyzed,  as  descr ibed above,  for
organic  carbon and part icu late  organic  matter  carbon.  Bu lk  dens i ty  data f rom the
extens ive  sampl ing conducted wi th  the  hydraul ic  probe were  used to  calcu late
carbon stocks .  

R A I N M A K E R  F A R M  -  B A S E L I N E  S O I L  S A M P L I N G  F I N A L  R E P O R T
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Descr ipt ion of  the  three  approaches  to  base l ine  sampl ing as
recommended by  ROC,  FAO,  and Jason Warren 

TABLE 2
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Nutr ient  analyses ,  EC,  pH,  and texture  were  analyzed by  the  So i l  Water  Forage
Analyt ica l  Lab at  OSU.  These  methods are  s tandardized across  accredi ted so i l
test ing labs .  

Total  so i l  carbon:  Total  carbon of  dr ied,  ground so i l  samples  was analyzed on a  dry
combust ion analyzer  (Leco Corp. ,  Sa int  Joseph,  MI ) .  

So i l  organic  matter  f ract ions :  Many methods ex is t  for  f ract ionat ing so i l  into  POM and
MAOM.  This  pro ject  used the  method der ived f rom Cambardel la  and E l l iot t  ( 1993)
and Gale  and Cambardel la  (2000) .  F i rs t ,  the  so i l  i s  s ieved us ing a  2mm mesh s ieve
then oven dr ied to  remove water  weight .  10  ±  0 . 1  g  of  dry  so i l  i s  then weighed into  a
50 mL centr i fuge tube and shaken overn ight  wi th  30 mL of  0 .5% sodium
hexametaphosphate .  Us ing an automat ic  wet  s ieve  shaker  (Analysette  3  Pro ,  F r i tsch)
with  a  53-µm s ieve ,  the  so i l  suspens ion i s  then s ieved.  The suspended so i l s  that  pass
through the  s ieve  are  co l lected in  500 mL centr i fuge bott les  and centr i fuged to  ass is t
in  the  ret r ieval  of  the  MAOM soi l  pe l let .  Once centr i fuged,  the  so i l  pe l let  i s
t ransferred to  a  c lean,  pre-weighed and label led a luminum dry ing pan us ing a  squi r t
bott le  of  D I  water .  The POM soi l s  reta ined on the  53-µm s ieve  were  s imi lar ly
t ransferred to  separate  dry ing pans.  Both  sets  of  pans  were  p laced in  an oven set  at
105⁰C no longer  than 24 hours  to  evaporate  the  water .  Af ter  reaching a  constant
weight ,  the  pans  were  weighed to  calcu late  the  amount  of  so i l  co l lected and the
dr ied so i l s  were  ground and then stored unt i l  fur ther  analys is .  Each f ract ion was
tested for  TC as  descr ibed above.   

Ac id i f icat ion of  se lect  samples  to  remove inorganic  carbon:  Inorganic  carbon was
measured us ing a  modi f ied pressure  calc imeter -method as  descr ibed by  Sherrod et
a l .  (2002) .  Br ie f ly ,  1  ±  0 .01  g  of  so i l  was  p laced into  a  100 mL g lass  Wheaton bott le .  A
2  mL (0 .5  dram) v ia l  wi th  2  mL of  6M HCl  ac id  contain ing 3% by  weight  of  FeCl2*4H2O
was carefu l ly  p laced into  each Wheaton bott le .  A  gray  buty l  rubber  s topper  was
then p laced onto each Wheaton bott le  and sealed by  hand-cr imping an a luminum
tear  of f  cap.  The samples  were  gent ly  swir led to  complete ly  mix  the  ac id  and so i l
wi thout  sp lashing the  so lut ion up the  s ide  wal ls  of  the  bott le .  Af ter  s i t t ing for  18
hours ,  we measured the  samples  and standards  pressure  ( in  mbars)  produced v ia
CO2 evolut ion f rom the  react ion by  insert ing the  pressure-calc imeter  needle  into  the
septum and recording the  d ig i ta l  output .  Us ing a  s tandard curve  generated the
same day,  we calcu lated the  mass  of  CaCO3 and %IC in  each sample .  The resu l t ing
inorganic  carbon concentrat ions  were  subtracted f rom tota l  carbon to  obtain
organic  carbon.  

LAB METHODS
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Table  3  shows resu l ts  of  nutr ient  analys is  of  composi te  samples  co l lected on
November  30,  2021 .   The pH for  th is  so i l  i s  adequate ,  as  are  a l l  other  nutr ients  except
for  n i t rogen and phosphorus .   I f  a  40 bushel  per  acre  y ie ld  goal  i s  des i red for  wheat
the  OSU fer t i l i zer  recommendat ion cal l s  for  75  lbs  N/acre  and 22  lbs  P2O5/acre .   

RESULTS

Tables  4 ,  5  and 6  are  presented as  separate  tabs  in  Appendix  2 .  Table  4  are  the
resu l ts  f rom soi l  analyses  as  requi red by  the  ROC and FAO UN carbon monitor ing
programs.  Note ,  these  are  the  raw values ,  not  the  averages  and standard errors .  The
program did  not  spec i fy  how data should  be summarized.  

Table  5  summarizes  the  bulk  dens i ty ,  tota l  N ,  tota l  C ,  Inorganic  C  ( IC) ,  Organic  C,
and C/N rat io  and carbon stocks  for  the  spat ia l ly  extens ive  sampl ing conducted wi th
the hydraul ic  probe.

Table  6  summarizes  the  POM and MAOM mass  and carbon d is t r ibut ion for  the
spat ia l ly  extens ive  sampl ing conducted wi th  the  hydraul ic  probe.  POM,  by  mass ,  was
a min imal  component  of  the  whole  so i l  prof i le  and ranged f rom 3 .9% to  33% of  the
soi l  mass .  The POM carbon had a much wider  range of  17 -79% of  the  tota l  so i l
carbon.  Th is  f ract ion of  organic  matter  carbon is  usual ly  e levated near  the  sur face
and dec l ines  rapid ly  wi th  depth.  Inverse ly ,  MAOM carbon tends  to  increase wi th
depth as  a  percentage of  the  tota l  so i l  carbon.  

Table  7  shows the  organic  carbon stocks  calcu lated as  Mg CO2eq/acre  found in
each depth and locat ion.  I t  i s  important  to  note  that  the  near  sur face depth
increments  are  only  4  inches ,  in  contrast  to  the  24-36 inch increment ,  which contains
more than 3  t imes  the  so i l  mass  and can therefore  contain  extens ive  organic  s tocks .
I t  i s  noteworthy  that  in  the  0-4  inch depth the  carbon stocks  for  the  h is tor ica l ly
cu l t ivated locat ions  ranged f rom 19-26  Mg/acre  as  compared to  the  pasture  areas
that  contained 35-42  Mg/acre .  In  contrast ,  when the  tota l  prof i le  i s  ut i l i zed to
compare carbon stocks  among sample  locat ions ,  we see  a  wide range in  carbon
stocks  ranging f rom 201  to  as  l i t t le  as  83  Mg CO2eq/acre .  

Resu l ts  f rom 0-4  inch composi te  so i l  sampl ing of  management  regionsTABLE 3



08 R A I N M A K E R  F A R M  -  B A S E L I N E  S O I L  S A M P L I N G  F I N A L  R E P O R T

INTERPRETATION OF RESULTS
Base l ine  so i l  sampl ing was conducted to  assess  the  in i t ia l  so i l  propert ies  pr ior  to
making changes  in  management .  The bulk  dens i ty  data presented in  Table  3  ranged
from 1 . 1  to  as  h igh as  1 .76  which i s  wi th in  the  range of  expected values .  The
coef f ic ients  of  var iat ion for  bulk  dens i ty  data were  less  than 10% at  a l l  sample
locat ions ,  which i s  a  very  low value  for  th is  type of  data and shows that  th is
measurement  i s  very  prec ise  and does  not  vary  great ly  at  a  spat ia l  scale  wi th in  a
sample  locat ion.   In  contrast ,  the  var iabi l i ty  was  general ly  much h igher  for  the  tota l
C,  inorganic  C,  organic  C  and carbon stock  est imates .  Th is  i s  part icu lar ly  t rue  for
locat ions  1 ,  4 ,  8 ,  9 ,  1 1 ,  15 ,  and 19  which a l l  had average coef f ic ients  of  var iat ion for
tota l  C  greater  than 20%.  In  fact ,  a  coef f ic ient  of  94% was found in  the  24-36 inch
depth of  locat ion 19 .   The h igh var iabi l i ty  in  the  subsoi l  can be expected due to  smal l
scale  d i f ferences  in  so i l  forming processes  that  resu l ted in  large var iabi l i ty  in  the
vert ica l  d is t r ibut ion of  carbon in  the  so i l  prof i le .   These  var iat ions  in  tota l  carbon
concentrat ions  in  turn  resu l t  in  h igh var iat ion in  the  carbon stocks  measured in  each
soi l  depth at  these  locat ions .   

A l l  sampled so i l s  have re lat ive ly  low organic  carbon contents ,  regardless  of  the  so i l
type,  management  area,  or  depth.  Organic  carbon contents  less  than 2% would be
cons idered degraded for  agr icu l tura l  so i l s  and for  a l l  s i tes ,  organic  carbon was
below 1% be low the  4- inch depth in  a l l  locat ions .  However ,  there  are  some notable
di f ferences  between management  areas .  Locat ions  18  and 19  are  the  grass  pasture ,
which i s  compr ised of  many nat ive  spec ies  and has  not  been t i l led  for  many years
(poss ib ly  decades) .  I t  i s  noteworthy  that  the  samples  f rom the  grass  pasture  contain
the h ighest  carbon leve ls  in  the  sur face 4  inches ,  which i s  expected in  a  warm season
grass  pasture  as  compared to  t i l led  so i l s .  Despi te  these  pastures  be ing re lat ive ly
undisturbed for  many years ,  carbon contents  be low the  4- inch depth quick ly  dec l ine .   

Organic  carbon stocks  calcu lated as  Mg of  CO eq/acre  and presented for
a l l  depths  across  a l l  19  s i tes

TABLE 7 2
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Only  Locat ion 1  has  h igher  tota l  carbon and much of  that  was in  the  form of
carbonate  f rom the  parent  mater ia l .  In  fact ,  at  th is  locat ion the  inorganic  C
represented 74% of  the  tota l  carbon found to  3  feet .   In  general ,  these  observat ions
suggest  that  there  i s  potent ia l  to  increase organic  carbon storage across  a l l
management  areas  by  us ing pract ices  that  min imize  d is turbance to  the  so i l  prof i le
and increase organic  inputs .  Pract ices  such as  convers ion to  perennia l  systems,
implementat ion of  cover  crops ,  increase of  manure  inputs ,  and conservat ion t i l lage
al l  have potent ia l  to  increase carbon contents  in  these  so i l s .

As  expected based on pr ior  research,  the  carbon content  of  these  so i l s  at  Rainmaker
farmer  are  h ighly  var iable  in  space across  the  landscape wi th  sample  locat ions
contain ing as  much as  201  Mg CO2eq/acre  as  organic  carbon to  as  l i t t le  as  83  Mg
CO2eq/acre  (Table  7) .   Furthermore,  wi th in  a  sample  locat ion the  var iabi l i ty  in
carbon stocks  wi th in  a  depth can be very  h igh due to  smal l  scale  var iabi l i ty  in
carbon d is t r ibut ion wi th in  the  prof i le .  Th is  var iabi l i ty  wi l l  l imi t  the  f requency wi th
which samples  are  co l lected and is  important  to  cons ider  for  the  quant i f icat ion of
carbon sequestrat ion over  t ime,  which i s  d iscussed be low in  the  recommendat ions
sect ion.  I t  i s  a lso  apparent  based on resu l ts  that  h is tor ic  management  has  much less
impact  on the  tota l  prof i le  s tocks  which are  contro l led large ly  by  so i l  type ( i .e . ,
parent  mater ia l )  and landscape pos i t ion.

The resu l ts  for  POM and MAOM demonstrate  the  major i ty  of  carbon is  s tored as
MAOM,  but  there  are  d i f ferences  wi th  depth.  POM-C concentrat ions  are  general ly
h ighest  at  the  sur face and decrease wi th  depth.  Th is  was expected as  POM-C wi l l
general ly  re f lect  recent  p lant  inputs ;  wi th  l i t ter  inputs  enter ing so i l  at  sur face,  i t
fo l lows that  the  quant i ty  of  so i l  POM-C would be greatest  at  sur face.  With  increas ing
depth,  l i t ter  i s  more  decomposed and increas ingly  more  carbon is  s tored in
assoc iat ion wi th  mineral  part ic les—hence,  the  increas ing concentrat ion of  MAOM-C
with  depth.  

The POM values  in  the  subsoi l s  at  locat ions  1 ,  are  moist  l i ke ly  e levated due to  sand
s ized inorganic  carbon part ic les  wi th in  th is  f ract ion.  Th is  i s  based on v isual
observat ions  that  the  prof i le  was  compr ised of  unconsol idated shale  rock  that
apparent ly  contained carbonates .  The POM may have been inf luenced by  the
presence of  sand-s ized carbonates  in  the  other  5  locat ions  wi th  e levated carbonates
in  the  subsoi l ,  but  remain ing locat ions  are  not  in f luenced by  carbonates  and can
therefore  be  regarded as  organic  carbon.  I t  i s  important  to  note  that  the  POM and
MAOM carbon data in  Table  7  are  tota l  carbon,  not  organic  carbon.  Removing the
carbonates  f rom al l  i so lated POM and MAOM fract ions  was outs ide  the  scope of  the
proposal  and the  budget .  However ,  based on whole  so i l  carbon data,  we were  able
to  ident i fy  those  sampl ing locat ions  wi th  apprec iable  carbonate  concentrat ions .
These  inc lude locat ions  1 ,  2 ,  8 ,  9 ,  12 ,  and 17 .  
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RECOMMENDATIONS
Table  8  shows the  organic  carbon stocks  in  the  top 1  foot  of  so i l  and the  top three
feet  of  so i l .   The table  a lso  inc ludes  the  coef f ic ient  of  var iat ion (CV)  for  each
locat ion.   The average CV for  the  top one foot  of  so i l  i s  7 .6%.  In  contrast ,  inc luding
the subsoi l  down to  three  feet  increased the  CV to  12 .5%.   The increase in  CV wi th
increas ing depth of  observat ion i s  due to  an increase in  the  var iabi l i ty  in  carbon
concentrat ions  at  depth.  Fortunate ly ,  the  var iabi l i ty  in  bulk  dens i ty  wi th in  a  sample
locat ion i s  very  low and so  future  ef forts  to  quant i fy  organic  carbon stocks  may opt
out  of  analyz ing a l l  samples  for  bulk  dens i ty  and focus  s imply  on quant i fy ing carbon
pools  and stocks .  

In  pr ior  research conducted in  2013 ,  the  Oklahoma Carbon Program soi l  sampl ing
protocol  found the  average CV across  46 sample  s i tes  was 12 . 1% for  a  sampl ing
depth of  one foot  (Appendix  3) .  That  research a lso  demonstrated that  based on th is
leve l  of  var iat ion,  a  tota l  of  127  core  samples  would  be requi red to  measure  a  change
of  1 .6  Mg CO2eq/acre  expected af ter  four  years  of  no t i l l  management  or  82  core
samples  af ter  f ive  years .  In  the  Rainmaker  pro ject  we co l lected 95  core  samples  so  i t
would  be prudent  to  wai t  f ive  years  to  ensure  that  measurable  accumulat ions  of
carbon may be observed.  However ,  g iven the  lower  var iabi l i ty  as  compared to  the
analys is  conducted in  2013 ,  a  four-year  sample  interval  may be suf f ic ient .  However ,  i f
a  sample  depth of  three  feet  i s  des i red to  quant i fy  carbon sequestrat ion i t  i s  adv ised
to wait  the  fu l l  f i ve  years  to  overcome the  var iabi l i ty  in  carbon stocks  in  the  subsoi l .  

When the  carbon stocks  presented in  Table  8  are  averaged across  sample  locat ions
for  each management  zone,  we f ind that  the  NW,  NE,  and South regions  contain  60,
60 and 59 Mg CO2eq/acre  and the  pasture  contains  80 Mg CO2eq/acre  in  the  top
one foot  which may in  fact  represent  the  d i f ferences  in  carbon stocks  due to
management .  However ,  when the  carbon stock  i s  ca lcu lated for  a  three- foot  depth,
we f ind that  these  management  zone contain  153 ,  135 ,  133  and 143  Mg CO2eq/acre
which i s  much less  cons is tent  wi th  regard to  expected management  ef fects .  Th is  i s
expected due to  greater  var iabi l i ty  in  the  landscape pos i t ion and parent  mater ia l
and is  why we col lected mult ip le  cores  f rom each locat ion wi th  mult ip le  locat ions
with in  a  management  zone.

At  the  in i t ia l  f ive-year  sampl ing i t  i s  expected that  i f  a  change of  1 .6  Mg CO2eq/acre
occurs  on average across  the  management  zone we wi l l  be  able  to  s tat is t ica l ly
measure  that  change as  compared to  th is  in i t ia l  base l ine  sampl ing.As  carbon is
accumulated over  t ime more  detai l  on  the  impacts  of  management  or  so i l  type on
carbon sequestrat ion rates  should  appear  i f  in  fact  these  factors  impact  carbon
stocks  over  t ime.  
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The organic  carbon stocks  as  calcu lated as  Mg CO2eq/acre  in  the  top
one foot  and three  feet  of  so i l .  

TABLE 8 2
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APPENDIX 1 – GEOGRAPHIC INFORMATION SYSTEM
(GIS) SHAPEFILES OF SOIL SAMPLE LOCATIONS
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APPENDIX 2 – TABLE 4, 5, 6 - SOIL SAMPLING
RESULT SPREADSHEETS
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1.0 ABOUT THE OKLAHOMA CARBON PROGRAM 

The Oklahoma Conservat ion Commiss ion has  s tatutory  author i ty  to  ver i fy  and cert i fy
carbon sequestrat ion in  Ok lahoma under  Ok lahoma Adminis t rat ive  Code T i t le  155  to
implement  27A O.S .  §  3 -4-  101  thru  3-4- 105 ,  which author izes  the  Commiss ion to
establ ish  and adminis ter  a  carbon sequestrat ion cert i f icat ion program.  Permanent
ru les  for  the  program went  into  ef fect  Ju ly  1 ,  2009.  The ru les  are  author ized by  the
Oklahoma Carbon Sequestrat ion Enhancement  Act .  Persons  conduct ing ver i f icat ion
of  agr icu l tura l  carbon of fsets  under  the  Oklahoma Carbon Program (OCP)  shal l  use
protocols  wr i t ten  or  approved by  the  Oklahoma Conservat ion Commiss ion.

O K L A H O M A  C A R B O N  P R O G R A M  S O I L
S A M P L I N G  M E T H O D O L O G Y  V . 2 0 1 3

1 .1 AUTHORITY

The Oklahoma Carbon Program (OCP)  i s  a  vo luntary  program for  the  ver i f icat ion,
cert i f icat ion,  and regist rat ion of  vo luntary  carbon of fsets  and avoided emiss ions .
OCP prov ides  pro ject  ver i f icat ion serv ices  for  aggregators  and buyers  of  carbon
offsets  and a lso  of fers  th i rd-party  ver i f icat ion of  anthropogenic  carbon d iox ide
(CO2)  s tored by  the  o i l  and gas  sector  dur ing enhanced o i l  recovery .  The purpose of
the  OCP is  to  improve so i l ,  water ,  and a i r  qual i ty  by  encouraging Oklahomans to
voluntar i ly  implement  pract ices  that  sequester  greenhouse gases  (GHG).  The
purpose of  ver i f icat ion i s  to  prov ide  an independent  th i rd  party  rev iew of  pro ject
s i tes ,  data,  and implementat ion methods to  determine i f  a  pro ject  has  sequestered
an expected amount  of  GHG.

1 .2 DESCRIPTION

Overs ight  of  carbon market  t ransact ions  in  Ok lahoma
Informat ion about  carbon sequestrat ion
Qual i ty  ver i f icat ion and cert i f icat ion of  Ok lahoma carbon of fsets
F inancia l  opportuni t ies  for  Ok lahoma farmers ,  ranchers ,  forest land managers ,  o i l
and gas  and ut i l i ty  operators ,  who take  act ion to  sequester  greenhouse gases
Funding opportuni t ies  for  Ok lahoma Conservat ion Dis t r ic ts

The OCP st r ives  to  prov ide  the  fo l lowing to  Oklahomans:

1 .3 OBJECTIVES
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2.0 ABOUT THIS DOCUMENT
This  so i l  sampl ing methodology was deve loped to  a l low the  t ra ined non-sc ient is t  to
col lect  so i l  samples  f rom f ie lds  dur ing f ie ld  ver i f icat ion of  agr icu l tura l  pract ices  for
the  purpose of  expanding Oklahoma’s  so i l  carbon data set ,  eventual ly  a l lowing for  a
more accurate  monetary  va luat ion of  Ok lahoma carbon of fsets .

The so i l  sampl ing protocol  descr ibed here  was deve loped and tested to  prov ide  a
cons is tent  and cost  e f fect ive  way to  monitor  organic  carbon mass  (OCM) wi th  the
pr imary  goal  to  determine the  amount  of  carbon sequestered in  a  pool  of
aggregated acres  under  contract  for  carbon of fset  payments .  The secondary  goal
was to  use  the  s i te  spec i f ic  data co l lected to  determine the  impacts  of  so i l  type,  land
management ,  and geographic  locat ion on the  rate  of  carbon sequestrat ion.
Real izat ion of  the  f i rs t  goal  a l lows for  accurate  valuat ion of  carbon credi ts
generated f rom the  aggregated acres  under  contract  dur ing the  contract  per iod.
Real izat ion of  the  second goal  through long term monitor ing wi l l  improve current
so i l  carbon sequestrat ion rate  est imates  and a l low carbon credi t  payments  to  take
into  cons iderat ion s i te  spec i f ic  var iables  instead of  current  pract ice-based payments
based on regional  defaul t  va lues .

Determin ing the  amount  of  carbon sequestrat ion in  each f ie ld  i s  not  a  goal  of  th is
protocol .  We assume that  the  var iabi l i ty  in  so i l  carbon stocks  across  a  typ ical  f ie ld  in
the  region would l imi t  the  success  of  e f for ts  to  determine the  carbon sequestered on
a f ie ld-by- f ie ld  bas is .  Dur ing the  assessment  of  data co l lected dur ing test ing of  th is
protocol ,  th is  assumpt ion was val idated:  Pract ica l  l imi tat ions  to  accurate
determinat ion of  carbon sequestered in  a  four-year  per iod on a  s i te-by-s i te  bas is  are
severe .  Only  4% of  the  s i tes  sampled could  be monitored wi th  10  or  fewer  cores  be ing
col lected.  I t  i s  important  that  sample  numbers  be  l imi ted so  that  s i te  d is turbance
and costs  are  l imi ted.

O K L A H O M A  C A R B O N  P R O G R A M  S O I L
S A M P L I N G  M E T H O D O L O G Y  V . 2 0 1 3

3.0 APPLICABILITY
This  protocol  was  deve loped and tested for  use  in  no-t i l l  c ropland and p lanted
grass lands.  I t  i s  for  use  by  persons  t ra ined in  so i l  sampl ing methods.  I t  i s  l imi ted to
soi l s  that  are  less  than 5% grave l  because i t  has  not  been tested in  so i l s  wi th  greater
than 5% grave l  due to  the  l imi tat ions  of  us ing so i l  probes  in  grave ly  so i l .  However ,  i f
augers  were  used to  co l lect  the  so i l  sample ,  these  methods could  l i ke ly  be  adapted
to grave ly  so i l s  i f  accurate  measures  of  so i l  mass  could  be achieved.  When pro ject
costs  a l low,  and wi th  land manager  consent ,  the  OCP uses  these  methods to  co l lect
so i l  samples  dur ing ver i f icat ion of  f ie lds  under  carbon contract .
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4.0 SOIL SAMPLING RATIONALE 
Quant i f icat ion of  so i l  organic  carbon (SOC)  for  the  purpose of  moni tor ing carbon
sequestrat ion rates  i s  chal lenging due to  the  dynamic  nature  of  SOC and the  h igh
leve l  of  spat ia l  var iabi l i ty  re lat ive  to  the  tota l  mass  of  SOC in  most  so i l .  Past  e f for ts
to  est imate  the  impact  of  so i l  management  on organic  carbon mass  (OCM) and
carbon sequestrat ion rates  in  Ok lahoma were  based on smal l  data sets .  These  smal l
data sets  were  insuf f ic ient  to  prov ide  accurate  est imates  of  carbon sequestrat ion on
a regional  scale  as  i s  needed for  the  implementat ion of  a  carbon credi t  market
based on so i l  carbon sequestrat ion.  Th is  i s  part icu lar ly  t rue  for  regions  such as
Western  Oklahoma where  there  i s  t remendous var iabi l i ty  in  so i l  type,  management ,
and c l imate .  Accordingly ,  research was conducted in  recent  years  in  Ok lahoma to  f i l l
gaps  in  current  l i terature  to  ensure  that  the  sampl ing protocol  used by  the
Oklahoma Carbon Program is  appropr iate  for  so i l  condi t ions  found in  the  Southern
P la ins .  Th is  support ing research i s  presented in  the  appendices  at  the  end of  th is
report  and is  intended to  support  the  sampl ing methods descr ibed in  th is  document .

O K L A H O M A  C A R B O N  P R O G R A M  S O I L
S A M P L I N G  M E T H O D O L O G Y  V . 2 0 1 3

The OCP inc ludes  so i l  sampl ing dur ing f ie ld  ver i f icat ion,  when pro ject  costsa l low,  so
we can to  grow the  Oklahoma so i l s  database for  future  research.  We assume that
the  var iabi l i ty  in  so i l  carbon stocks  across  a  typ ical  f ie ld  in  the  region would l imi t  the
success  of  e f for ts  to  determine the  carbon sequestered on a  f ie ld-by- f ie ld  bas is .  An
Oklahoma State  Univers i ty  sampl ing study evaluated var iabi l i ty  in  organic  carbon
mass  measured in  no-t i l l  and p lanted grass land so i l s .  Th is  s tudy showed that  so i l
carbon mass  was af fected by  so i l  texture  as  determined f rom SURGO data but  that
no other  SURGO data var iable  af fected measured carbon mass  or  i t s  var iabi l i ty
wi th in  a  sample  s i te .  The data analys is  showed that  var iabi l i ty  between s i tes  and
with in  s i tes  was s t rongly  in f luenced by  var iabi l i ty  in  organic  carbon concentrat ions
and that  var iabi l i ty  in  bulk  dens i ty  had l imi ted impact .  Th is  suggests  that  an
average bulk  dens i ty  could  be used when the  object ive  i s  to  monitor  the  change in
carbon mass  across  mult ip le  locat ions  but  that  bulk  dens i ty  would  s t i l l  be  requi red
to monitor  changes  at  each sample  s i te  to  determine the  impact  of  s i te  spec i f ic
var iables  on carbon dynamics .  Th is  s tudy was a lso  used to  determine the  min imum
number  of  samples  requi red to  measure  a  s igni f icant  change in  carbon mass  i f  i t
occurs .  

4.1 TWENTY-TWO SAMPLE SITES (220 CORES) ARE
SUFFICIENT TO MEASURE A STATISTICALLY SIGNIFICANT
CHANGE OF 0.8 MG C PER HECTARE

S e e  A p p e n d i x  A :  E v a l u a t i o n  o f  V a r i a t i o n  i n  O r g a n i c  C a r b o n  M a s s .
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Analys is  of  data f rom 47  sample  s i tes  located throughout  Western  Oklahoma was
used to  determine a  pooled standard dev iat ion of  2 . 15  for  the  so i l  carbon mass  in
Oklahoma so i l s  (Appendix  A) .  Power  analys is  was  per formed to  determine the
number  of  samples  and sample  s i tes  requi red to  be  80% conf ident  in  f inding a
s igni f icant  real  increase in  carbon mass  equal  to  the  est imated sequestrat ion rate  of
0 .27  Mg C ha- 1  y r - 1  current ly  used by  the  Oklahoma carbon program to  calcu late
of fset  payments  for  convers ion to  no-t i l l  (OCC 201 1 ) .  Power  analys is  a l lows us  to
determine how many samples  are  requi red to  measure  a  g iven s igni f icant  d i f ference,
0 .27  Mg C ha- 1  y r - 1  in  th is  case.  As  shown in  Table  1  be low,  longer  intervals  between
sampl ing dates  should  a l low for  larger  potent ia l  d i f ferences  and,  therefore ,  fewer
requi red samples .

The number of  cores required to be 80% confident in  f inding a
signif icant (p<0.05)  increase in  carbon mass in  a f ixed mass of  soi l
equal  to the estimated sequestration rate of  0.27 Mg C ha-1  yr-1  for
1  to 10 years  of  sequestration.  The number of  s ites  was determined
assuming that 10 cores are col lected from each site.

TABLE 1
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I f  the  sample  s i tes  are  randomly  se lected f rom the  aggregated acres  as  descr ibed in
th is  protocol ,  on ly  22  s i tes  are  requi red to  measure  the  s igni f icant  increase in  carbon
stocks  that  i s  expected in  three  years  based on current  sequestrat ion rate  est imates
(Table  1 ) .  However ,  g iven the  h igh uncerta inty  about  the  current  est imates  and the
potent ia l  for  destruct ion of  the  sample  s i tes ,  i t  i s  recommended that  60 s i tes  be
in i t iated to  insure  the  appropr iate  leve l  of  data co l lect ion to  determine the  impact  of
so i l  type,  landscape pos i t ion,  management ,  etc .  on carbon sequestrat ion.
Exper ience has  shown that  the  number  of  sample  s i tes  should  be in  excess  of  the
actual  number  needed to  monitor  carbon because of  potent ia l  for  destruct ion of  the
sample  s i tes  due to  t i l lage or  o i l  and gas  explorat ion act iv i ty .

Other  protocols  requi re  that  mult ip le  sample  s i tes  be  located wi th in  each contracted
f ie ld  and that  the  number  of  s i tes  be  proport ional  to  the  s ize  of  the  f ie ld  such that
the  f ie ld  and i ts  var iabi l i ty  are  proper ly  represented.  Th is  i s  opt imal  when funding is
suf f ic ient  and when the  interest  in  knowing the  f ie ld-by-  f ie ld  sequestrat ion rate  i s
h igh enough to  warrant  the  cost .  Appendix  A  descr ibes  data co l lected dur ing the
test ing of  th is  protocol  that  suggests  that  an impract ica l  number  of  samples( 1 15)
would be requi red f rom each s i te  to  prov ide  s i te-by-s i te  moni tor ing of  OCM.
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4.2 USE OF A SOIL PUSH PROBE PROVIDES RELIABLE SOIL
CARBON MEASUREMENT RESULTS VERSUS A HYDRAULIC
PROBE

The OCP uses  c losed tube push probes  for  f ie ld  sampl ing because they  are  eas ier  to
use  and more  cost -  e f fect ive ,  and prov ide  sc ient i f ica l ly  sound resu l ts .  Research by
Oklahoma State  Univers i ty  concluded that  carbon mass  measurements  were
comparable  to  those  achieved wi th  hydraul ic  probes .  The f ie ld  sampl ing study
evaluated the  impact  of  so i l  probe type on so i l  carbon mass  measurements .  Th is
study determined that  a  manual ly  operated push probe wi th  a  cutt ing d iameter  of
2 .67  cm would cause an increase in  bulk  dens i ty  in  the  0- 10  cm depth increment ,  in
turn  caus ing an over  est imat ion of  carbon mass  compared to  the  use  of  a
hydraul ica l ly  dr iven probe wi th  a  cutt ing d iameter  of  3 .98 cm when the  f ixed depth
method of  ca lcu lat ing carbon mass  was used.  However ,  when the  f ixed so i l  mass
method of  ca lcu lat ing carbon mass  in  the  min imum soi l  mass  was used there  were
no d i f ferences  among the  three  probe types  evaluated.  In  fact ,  the  push probe
prov ided improved resu l ts  because i ts  use  s igni f icant ly  decreased var iabi l i ty  in
carbon mass .  S e e  A p p e n d i x  B :  A s s e s s m e n t  o f  T h r e e  S o i l  P r o b e s  t o  M o n i t o r  
C a r b o n  m a s s .
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4.3 THE COEFFICIENT OF VARIATION FOR ORGANIC CARBON
CONCENTRATION INCREASES TO ABOVE 10% WHEN THE
RATIO OF INORGANIC C: TOTAL CARBON IS GREATER THAN
0.40

4.4 USING THE FIXED MASS METHOD OF CALCULATING SOIL
CARBON MASS CAN CORRECT DIFFERENCES IN ORGANIC
CARBON MASS CAUSED BY SHRINK-SWELL SOILS

The OCP uses  tota l  carbon minus  inorganic  carbon on most  samples  because
analyt ica l  var iabi l i ty  in  the  resu l t ing organic  carbon concentrat ion i s  be low ten
percent  except  when the  rat io  i s  greater  than 0.40.  An Oklahoma State  Univers i ty
laboratory  s tudy evaluated the  impact  that  inorganic  carbon in  a  so i l  sample  has  on
determinat ion of  organic  carbon concentrat ions .  Th is  s tudy shows that  the
coef f ic ient  of  var iat ion for  organic  carbon concentrat ion increases  to  above 10%
when the  rat io  or  inorganic  carbon:  tota l  carbon is  greater  than 0.40.  
C :  I n f l u e n c e  o f  I n o r g a n i c  C a r b o n  C o n c e n t r a t i o n s  o n  V a r i a b i l i t y  i n  O r g a n i c
C a r b o n  C o n c e n t r a t i o n s .

S e e  A p p e n d i x

The OCP uses  the  f ixed mass  method of  ca lcu lat ing so i l  carbon mass .  An Oklahoma
State  Univers i ty  s tudy evaluated the  changes  in  bulk  dens i ty  that  can occur  in  a
shr ink-swel l  so i l  due to  changes  in  so i l  moisture .  The data show that  measured bulk
dens i ty  can change s igni f icant ly  wi th in  a  30 day per iod.  Th is  change appears  to
resu l t  f rom compress ion of  macropores  when so i l s  are  moist ,  caus ing a  h igher  bulk
dens i ty  compared to  when so i l s  are  dry .  The resu l t ing d i f ference in  organic  carbon
mass  can be corrected by  us ing the  f ixed mass  method of  ca lcu lat ing so i l  carbon
mass .  S e e  A p p e n d i x  D :  C h a n g e s  i n  B u l k  D e n s i t y  a n d  C a r b o n  S t o c k  E s t i m a t e s
i n  S h r i n k - S w e l l  S o i l s .

5.0 SAMPLING 

5.1 TIMING

Sampl ing i s  a l igned wi th  f ie ld  ver i f icat ion t iming for  each agr icu l tura l  pract ice  type.
Typical ly  th is  would  dur ing the  months  of  October  through January  for  winter  wheat
f ie lds  and 30-60 days  af ter  p lant ing spr ing wheat .

5.2 FREQUENCY

The OCP wi l l  sample  as  the  pro ject  budget  a l lows.  When funding a l lows,  the  goal  for
each pro ject  i s  to  co l lect  at  50 d i f ferent  f ie lds  to  suf f ic ient ly  represent  the  var iat ion
of  so i l  types  and get  a  robust  sampl ing of  the  management ,  c l imate  and so i l  w i th in
the  aggregated acres .  Based on past  exper iences  we expect  that  the  integr i ty  of
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sample  s i tes  wi l l  be  lost  for  var ious  reasons  such as  o i l  and gas  p ipe l ine  insta l lat ion,
f i re ,  or  t i l lage.  F i f ty  s i tes  i s  the  number  based on the  expectat ion of  return ing to  22
intact  s i tes  at  a  three  year  f requency.  Research conducted by  Oklahoma State
Univers i ty  shows that  sampl ing 22  s i tes  wi l l  a l low for  s tat is t ica l ly  s ign i f icant
measurement  of  expected organic  carbon sequestrat ion.
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5.3 SAMPLE SITE SELECTION

Sample  s i tes  are  se lected randomly  in  each f ie ld  under  contract .  Th is  ensures  that
the  samples  co l lected prov ide  a  best  est imate  of  carbon sequestrat ion in  the
aggregated acres  under  contract .  Sample  s i tes  in  each f ie ld  are  se lected us ing the
random point  generator  in  ArcGIS .  Th is  prov ides  lat i tude and longi tude coordinates
that  are  used to  locate  the  center  of  the  sampl ing s i te .  The sample  s i te  i s  a  three
meter  radius  c i rc le  surrounding the  center  of  the  sample  s i te .

5.4 NUMBER OF SAMPLE SITES

Ideal ly ,  a  sample  s i te  would  be p laced in  each f ie ld  under  contract  for  carbon credi t
payment .  However ,  s ince  t ime and money are  typ ical ly  l imi ted,  a  min imum number
of  sample  s i tes  are  ut i l i zed to  monitor  the  aggregate  sequestrat ion.  The number  of
samples  requi red i s  determined by  the  var iabi l i ty  in  carbon mass .

5.5 SOIL SAMPLE COLLECTION FIELD FORM

The so i l  sample  co l lect ion f ie ld  form records  the  lat i tude and longi tude of  the
sample  s i te ,  and other  in format ion needed to  t rack  the  sample  back  to  i ts  or ig in .  I t  i s
labeled wi th  a  10  d ig i t  ident i f ier  that  i s  compr ised of  the  producer  ident i f icat ion
number ,  f ie ld  number ,  locat ion number  (county  code) ,  core  number  ( there  are  10
cores  taken per  s i te) ,  and depth ( the  core  i s  cut  at  three  depths) .  The form contains
a key  to  expla in  the  10  d ig i t  ident i f ier .

6.0 METHODS
The protocol  has  been evaluated us ing three  d i f ferent  types  of  probe.  The f i rs t  probe
used is  a  hydraul ic  probe (HP)  (Giddings  #25-TS  Model  HDGSRTS,  cutt ing d iameter
3 .99 cm).  The second probe is  a  push/hand probe (PP)  (cutt ing d iameter  2 .67  cm).
This  probe is  commerc ia l ly  avai lable  f rom AMS Inc .  and is  descr ibed as  a  1  1 /4"  x  24"
plated replaceable  t ip  so i l  recovery  probe.  Th is  push probe can be f i t ted wi th  a
hammer head cross  handle  to  a l low for  sample  co l lect ion dur ing dry  condi t ions .  The
th i rd  sampler  evaluated is  the  s l ide  hammer  probe (SH)  (cutt ing d iameter  4 .8  cm).
This  sampler  i s  a lso  commerc ia l ly  avai lable  f rom AMS Inc .  as  the  2"  x  12"  so i l  core
sampler .



12

Appendix  B  prov ides  data demonstrat ing that  any  of  these  probes  can be used
interchangeably  to  monitor  so i l  carbon stocks ,  g iven that  the  f ixed mass  method is
used to  calcu late  carbon stocks .  I t  must  a lso  be noted that  the  probe tube must  be  a
sol id  tube such that  contaminat ion does  not  occur  as  i t  i s  ext racted f rom the  so i l .
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EQUIPMENT NEEDED

GPS
Sol id  tube so i l  probe wi th  t ip  and probe cap
Soi l  probe hammerhead attachment  and hammer
Crescent  wrench for  probe cap
Wooden dowel
Tape measure
1 1  surveyor  f lags
Spatula
Cl ipboard
Sharpie  markers  and ink  pen
F ie ld  sheets
Ice  chest  /  Cooler
P last ic  z ip lock  bags ( 1 -quart  s i ze ,  3  per  core  sample ,  30  per  s i te)
Cradle  for  cutt ing core

Cradle  for  cutt ing core .  Cut  in  hal f  a  4  inch d iameter  PVC p ipe to  use  as  a  cradle  for
the  so i l  core .  Mark  the  cradle  at  4 ,  8 ,  and 12  inches .

Assembl ing the  probe.  Attach the  probe t ip  to  the  bottom of  the  probe by  screwing i t
in .  At tach the  hammer  head top by  screwing i t  on  unt i l  i t  won’ t  turn  anymore.  Make
sure  i t  i s  on s t ra ight ,  wi th  the  threads  a l igned,  before  beginning to  hammer  or  push.

Label ing sample  bags.  30 baggies  are  labeled for  each sample  locat ion.  That  i s  10
bags for  each depth increment  as  fo l lows:  0-4  in . ,  4 -8  in . ,  8- 12  in .

6.1 SOIL CORE COLLECTION WITH PUSH PROBE
Ten cores  are  co l lected f rom each s i te  to  a  depth of  30 cm and segmented into  0- 10 ,
10-20,  and 20-30 cm segments .  Probes  can be pushed or  hammered into  the  so i l  to  a
depth no less  than 30 cm.  I t  i s  suggested that  the  probe be forced to  a  depth of
approx imate ly  35  cm because the  bottom of  the  core  wi l l  o f ten fa l l  f rom the  t ip  of
the  probe or  be  damaged whi le  t ry ing to  push the  core  f rom the  probe and i t  i s
necessary  to  co l lect  the  top 30 cm of  so i l  intact .

EQUIPMENT PREPARATION
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6.1.1 IDENTIFYING THE SAMPLE LOCATION

 Use  a  GPS wi th  WAAS capabi l i ty  to  p inpoint  the  sample  locat ion coordinates
(prov ided) .
P lace  a  f lag at  the  GPS coordinate  to  mark  the  center  of  the  sample  locat ion.
P lace f lags  in  a  c i rc le  wi th in  a  radius  of  10  f t  (3m)  around the  center  of  the
sample  locat ions .
Prepare  to  co l lect  10  cores  at  random points  wi th in  a  10  f t  radius  of  the  sample
locat ion by  locat ing the  core  sample  s i tes :  Walk  back  and forth  across  the
sample  locat ion in  a  z igzag pattern  and p lace the  t ip  of  the  probe down at
random sample  points .

1 .

2 .

3 .

Remove crop res idue f rom the  sur face at  each sample  s i te  before  forc ing the
probe into  the  so i l ,  but  do not  d is turb or  scrape away the  so i l  sur face.  I f  the
probe t ip  comes down on the  crown of  an intact  p lant ,  s imply  move the  probe t ip
to  one s ide  just  of f  of  the  crown.  I f  a  probe is  pushed through res idue or  the
crown of  a  l iv ing p lant  the  resu l t ing core  can become dis torted,  which can cause
errors  in  the  bulk  dens i ty  va lue.
Col lect  10  cores  at  random points  wi th in  a  10  f t  radius  of  the  sample  locat ion:
Push wi thout  twist ing,  or  hammer,  the  probe into  the  so i l  ver t ica l ly  to  a  depth of
14  inches  (F ig . 1 ) .  The depth greater  than 12  inches  i s  used to  ensure  that  a  12  inch
core  i s  ext racted:  Somet imes  a  port ion of  the  core  can be lost  f rom the  t ip  due to
the suct ion created when pul l ing i t  f rom the  so i l .  Do not  twist  the  probe into  or
out  of  the  ground.

1 .

2 .

6.1.2 OBTAINING THE SOIL CORE

F igure  1 :  P robe hammered 14  inches  into  the  ground
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   3 .  Remove the  probe f rom the  so i l  by  bending your  legs ,  pushing and pul l ing the   
   probe back  and forth ,  whi le  us ing your  leg s t rength to  pul l  s t ra ight  up on the  
   hammer  head handles .  Use  a  lever  i f  necessary  to  avoid  s t ra in ing your  back.

   4 .  Take the  probe to  the  cradle  on a  f lat  work  sur face.

P lace the  opened p last ic  z ip lock  bag labeled “0-4”  at  the  end of  the  cradle  (F ig .
2) .
P lace  a  spatu la  on the  outs ide  of  the  bag pressed f i rmly  against  the  cradle  ( F ig .
2) .  I f  you are  work ing on the  ground,  use  the  hammerhead and c l ipboard to
brace the  spatu la  against  the  cradle .

1 .

2 .

6.1.3 REMOVING THE CORE

F igure  2 :  The spatu la  he ld  f i rmly  against  the  cradle  assures  that  the  core  can be pushed
f lush to  the  end of  the  cradle  before  cutt ing.  I f  work ing on the  ground instead of  a  t ruck ,

p lace the  hammer  head and c l ipboard behind the  spatu la .

  3 .Unscrew the  hammerhead f rom the  probe tube and p lace i t  at  the  end of  the  
  c radle ,  i f  work ing on the  ground.

  4 .Lay  the  probe into  the  cradle  wi th  the  top end of  the  probe touching the  spatu la  
  through the  bag.

  5 .P lace  the  wooden dowel  into  the  bottom end of  the  probe (end that  went  into  
  so i l )  and use  i t  to  push the  core  gent ly  out  the  top of  the  probe onto the  cradle  
  whi le  pul l ing the  probe toward you ( F ig .  3 ) .  For  best  resu l ts ,  pu l l  the  probe up the  
  push rod (broom st ick  works  wel l  as  a  push rod)  instead of  pushing the  rod into  the  
  probe.  Th is  wi l l  a l low the  core  to  lay  down on the  PVC cradle  instead of  be ing 
  pushed up the  PVC,  th is  i s  part icu lar ly  important  for  dry  sandy so i l s  or  dry  so i l s  wi th  
  smal l  aggregates  near  the  sur face that  eas i ly  fa l l  apart .
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Note :  When c lay  type so i l s  are  wet ,  they  may st ick  to  the  internal  wal ls  of  the  probe.
To prevent  th is ,  lubr icate  as  necessary .  A  s i l icon-based lubr icant  i s  recommended to
prevent  potent ia l  contaminat ion f rom petro leum-based lubr icants ,  part icu lar ly  when
us ing probes  wi th  a  cutt ing d iameter  less  than 3 .2  cm.  The smal ler  cores  contain  less
so i l  mass ,  which increases  sens i t iv i ty  to  contaminat ion.

F igure  3 :  A  broom st ick  handle  wi th  one end cut  f lat  can be used to  push the  core  f rom the
probe tube.

   6 .  Pos i t ion  the  core  so  that  the  top of  the  core  i s  at  the  zero  mark  of  the  cradle .  
   Keep the  end of  the  so i l  core  f lush  wi th  the  end of  the  cradle  and touching the  
   spatu la  through the  ins ide  of  the  z ip lock  bag ( F ig .  4 ) .  Try  to  keep the  cy l indr ica l  
   shape of  the  core  intact  as  much as  poss ib le  to  prevent  mix ing of  the  d i f ferent  so i l  
   depths .  
   Note :  I f  the  ent i re  so i l  core  i s  removed and then pushed into  p lace,  looser  so i l  w i l l  
   fa l l  apart  and resu l t  in  mix ing of  so i l s  f rom di f ferent  depths ,  which wi l l  cause  
   inaccurate  laboratory  resu l ts  when the  so i l  i s  analyzed.

F igure  4 :  Core  must  be  pushed f lush  to  the  end of  the  PVC cradle .  Th is  can be achieved by
bracing the  spatu la  or  c l ipboard at  the  end of  the  cradle  and pushing the  dowel  forward
whi le  pul l ing the  probe back.  I f  necessary ,  push the  core  gent ly  forward wi th  the  spatu la .
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Cut  the  core  wi th  the  spatu la  at  the  4  inch mark  and push the  cut  port ion of  the
core  into  the  “0-  4”  bag (F ig .  5 -6)  that  has  been labeled wi th  the  sample
ident i f ier .  Remove and c lose  the  bag.

1 .

6.1.4 CUTTING THE CORE

F igure  5 :  Rounded putty  kn i fe  f i t s  into  the  PVC cradle  for  cutt ing the  core .

Real ign the  core  at  the  4  inch mark  because the  core  remain ing in  the  cradle  may
have moved dur ing the  cutt ing process .
P lace  the  bag labeled “4-8”  at  the  end of  the  cradle ,  and cut  the  core  wi th  the
spatu la  at  the  8  inch mark .  Remove and c lose  the  bag.
Real ign the  core  at  the  8  inch mark .  P lace  the  bag labeled “8- 12”  at  the  end of  the
cradle ,  and cut  the  core  wi th  the  spatu la  at  the  12  inch mark .  Remove and c lose
the bag.
Discard onto the  ground the  remain ing 2  inches  of  so i l  le f t  in  the  cradle .

1 .
2 .

3 .

4 .

5 .

F igure  6 :  Core  i s  cut  at  marks  on the  PVC cradle  at  4 ,  8 ,  and 12  inches  f rom the  end and
pushed into  labeled z ip lock  bags.
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Mark  each so i l  sample  bag wi th  the  sample  ident i f icat ion number  (prov ided on
soi l  sample  in format ion sheet) .
P lace  the  so i l  samples  in  an ice  chest  ( i f  dur ing summert ime)  to  min imize
f luctuat ions  in  temperature  and t ransport  to  a  ref r igerator  as  soon as  poss ib le
(part icu lar ly  important  i f  samples  are  co l lected when a i r  temperatures  h igh) .
Label  the  so i l  sample  in format ion sheet  wi th  the  date  and t ime the  samples  were
col lected.
Inc lude on the  form a prec ise  measure  (± 1 / 16th  of  an inch)  of  the  cutt ing d iameter
of  the  probe t ip  used.
P lace the  in format ion sheets  in  a  box wi th  the  so i l  samples  and sh ip  wi th  2-3  day
del ivery  ( in  summert ime sh ip  wi th  overn ight  de l ivery)  as  d i rected.

1 .

2 .

3 .

4 .

5 .

6.1.5 SAMPLE LABELING, STORAGE AND SHIPMENT
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The purpose of  th is  s tudy i s  to  1 )  determine i f  SSURGO data can be re lated to
measured carbon stocks  and var iabi l i ty  in  those  measurements ,  2 )  determine the
min imum number  of  samples  requi red to  measure  expected s igni f icant  change in
carbon stocks ,  3)  determine i f  the  f ixed mass  method for  ca lcu lat ing carbon stocks
can reduce var iabi l i ty  resu l t ing f rom var iabi l i ty  in  bulk  dens i ty .

OBJECTIVES

The study was conducted on 47  f ie lds  in  A l fa l fa ,  Major ,  Caddo,  Garf ie ld ,  Greer ,  and
Washi ta  count ies  of  Ok lahoma.  Out  of  47  f ie lds ,  32  f ie lds  are  under  no-t i l l  c ropland
systems and 15  f ie lds  are  under  grass lands  management .  Winter  wheat  dominates
the no-t i l l  c ropping systems in  the  region and is  general ly  p lanted two or  more  years
in  a  row.  I f  c rop rotat ion i s  pract iced,  the  producers  general ly  ut i l i ze  sorghum,
canola,  or  cotton in  a  one crop per  year  system.  However ,  most  f ie lds  had been in
cont inuous  wheat  s ince  in i t iat ion of  no-t i l l  management .  The grass  f ie lds
represented Bermuda grass  as  wel l  as  nat ive  mixed grass .

A  l i s t  of  producers  part ic ipat ing in  the  Oklahoma Carbon Program was obtained
from the  Oklahoma Conservat ion Commiss ion.  Part ic ipat ion means that  the
producers  agree  to  mainta in  the  f ie lds  in  permanent  no-t i l l  or  p lanted grass  dur ing
the contract  per iod and wi l l  rece ive  a  carbon credi t  payment  annual ly .  Producers
were  contacted and asked i f  they  would a l low the  co l lect ion of  so i l  samples  f rom the
contracted f ie lds .  When producers  agreed to  sample  co l lect ion,  the  legal
descr ipt ions  and management  in format ion were  obtained f rom the  Oklahoma
Conservat ion Commiss ion.  F ie ld  boundar ies  were  drawn in  ArcMap 10  (ESRI )  and the
random point  generator  in  the  ArcToolbox was used to  generate  sample  points
with in  each f ie ld .

At  each sample  point  a  3  m radius  c i rc le  was marked around the  random point  and
10 cores  were  taken in  that  c i rc le  wi th  a  t ractor-operated hydraul ic  probe.  The
tractor-operated hydraul ic  probe (cutt ing edge d iameter  of  3 .98 cm)  used in  th is
study was a  Giddings  #25-TS  Model  HDGSRTS (Giddings  Machine  Company,  Windsor ,
CO) .  The GPS locat ion at  which each core  was extracted was recorded us ing a
Tr imble  GeoXH GPS rece iver .

MATERIALS AND METHODS

SAMPLING AND SAMPLE PREPARATION
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Cores  were  extracted to  a  depth of  30 cm and cut  into  0- 10 ,  10-20,  and 20-30 cm
segments .  The segments  were  packed in  z ip lock  p last ic  bags  and p laced in  an ice
chest  unt i l  t ransported and stored in  a  ref r igerator  at  4◦ C.  Z ip lock  bags wi th  wet
so i l  were  weighed and a subsample  (~20 gm) was weighed into  an a luminum weigh
boat .  Th is  subsample  so i l  was  dr ied at  1 10◦ C for  24  hours  and then weighed to
determined moisture  content .  The so i l  remain ing in  the  z ip lock  bag was t ransferred
to a  paper  bag and a l lowed to  dry  at  65◦ C for  one week  and then ground and
s ieved through a 2  mm s ieve .  Moisture  content  was used to  determine dry  so i l  mass
in  the  z ip lock  bag and further  to  determine bulk  dens i ty . The s ieved so i l  was  analyzed
for  tota l  carbon af ter  weighing 0 .2400-0.2500 g into  a  t in  fo i l  cup us ing the  dry
combust ion method (Kalembasa and Jenk inson,  1973)  in  a  Leco analyzer .  Inorganic
carbon was determined us ing Pressure  Calc imeter  (Sherrod et  a l . ,  2002) .  So i l  pH was
determined on a  1 : 1 ,  so i l :de ionized H2O mixture  af ter  a  30 minute  equi l ibrat ion
per iod.

Measured values  of  carbon stocks  were  pooled by  var ious  mapping uni t  var iables
f rom the  SSURGO data to  determine i f  SSURGO data could  be used to  est imate
carbon stocks  and the  var iabi l i ty  expected.
 
Last ly ,  power  analys is  was  used to  determine the  min imum number  of  samples
requi red to  observe  s igni f icant  change expected to  occur  i f  sequestrat ion i s
occurr ing at  the  current  est imated rate .

CALCULATION OF CARBON STOCK

Prev ious  research has  shown that  var iat ion in  the  measurement  of  bulk  dens i ty  can
cause s igni f icant  er rors  in  the  quant i f icat ion of  so i l  carbon dens i ty  (Wi lson,  201 1 ;
E l ler t  and Bettany 1995;  E l ler t  et  a l .  2002) .  G i f ford and Roder ick  (2003)  proposed the
cumulat ive  mass  method as  an a l ternat ive  to  the  f ixed depth method.  The
cumulat ive  mass  method calcu lates  carbon dens i ty  found in  a  constant  mass  of  so i l
instead of  a  constant  depth and therefore  may reduce errors  assoc iated wi th
changes  in  bulk  dens i ty .  In  th is  method,  depth var ies  so  that  each sample  contains
the  same dry  mass  per  un i t  area.

The f ixed mass  approach to  calcu lat ing OCM was adopted f rom Gi f ford and
Roder ick  (2003) .  Spec i f ica l ly ,  the  tota l  length of  the  core  was represented by  Z   and
the sur face subsect ion i s  represented by  Z   wi th  the  cumulat ive  dry  so i l  masses  to  the
respect ive  depths  denoted by  m (z  )  and m (z  )  and the  cumulat ive  mass  of  so i l  C ,  cs
(z  )  and cs  (z  ) .  The target  or  “F ixed”  cumulat ive  mass  of  dry  so i l  i s  denoted by  m  ( t )
and the  corresponding cumulat ive  mass  of  so i l  C  that  we are  look ing for  i s  denoted
as c   ( t ) .  Through l inear  interpolat ion,  the  resu l t ing equat ion i s

b

b

a

s

s

as

a

s

b

s
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The so i l  mass  up to  30 cm depth for  each core  was calcu lated.  The min imum soi l
mass  among the  cores  co l lected was se lected as  the  f ixed mass  which was 3690 Mg
ha-1  th is  i s  equal  to  a  bulk  dens i ty  of  1 .23  g  cm-3  in  the  sur face 30 cm of  so i l .  The so i l
mass  of  0-20 cm depth of  every  core  i s  subtracted f rom th is  f ixed mass .  The resu l t ing
mass  of  so i l s  i s  mul t ip l ied by  the  concentrat ion of  carbon found in  the  20-30 cm
segment  of  the  core .  Th is  va lue  i s  then added to  the  mass  of  carbon in  the  0- 10  and
10-20 cm depths ,  which i s  s imply  calcu lated by  mult ip ly ing the  mass  in  each depth
by the  OCC found in  each depth.

I t  i s  expected that  use  of  the  cumulat ive  mass  method wi l l  reduce var iabi l i ty  in  the
carbon dens i ty  resu l t ing f rom var iabi l i ty  in  bulk  dens i ty  measurements ,  thereby
decreas ing the  s tandard dev iat ion and min imiz ing the  number  of  samples  requi red
to measure  carbon sequestrat ion over  t ime.

The so i l  texture  data was obtained f rom SSURGO.  SSURGO data for  each county
involved in  th is  s tudy was downloaded f rom USDA Soi l  Data Mart  (Web Soi l  Survey) .
Each so i l  mapping uni t  in  SSURGO data has  mult ip le  so i l  ser ies ;  however ,  most  of  the
mapping uni ts  involved in  th is  s tudy were  consociat ions  except  one which was
complex .  Therefore ,  so i l  texture  for  the  major  so i l  ser ies  in  the  mapping uni t  was
used.  S ince  there  i s  var iat ion in  the  depth of  d i f ferent  hor izons  in  a  s ingle  so i l  ser ies ,
the  depth of  hor izons  were  averaged.  Major  so i l  ser ies  in  most  of  the  mapping uni ts
had average A hor izon depth of  more  than 30 cm.  For  those  which had average A
hor izon depth less  than 30 cm,  the  texture  of  subsequent  hor izons  was evaluated.  In
those  so i l s  hav ing an A hor izon less  than 30 cm,  the  texture  of  the  hor izon
immediate ly  be low the  A  hor izon was not  d i f ferent  f rom the  A  hor izon.

STATISTICAL ANALYSIS

The PROC MIX procedure  in  SAS was used to  calcu late  the  d i f ference of  least  squares
means for  mean separat ion presented.  The PROC POWER procedure  in  SAS was used
to determine the  f ract ional  N  tota l  (cores  requi red)  based on the  s tandard dev iat ion
of  means calcu lated for  each sample  locat ion and the  pooled standard dev iat ions .  A
nominal  power  of  0 .80 was used to  set  the  type I I  e r ror  at  0 .20,  and the  type I  er ror
was set  at  0 .05  for  a l l  power  analyses .  The s tandard dev iat ion measured at  each
s i te ,  as  wel l  as  the  pooled standard dev iat ion,  was  used in  these  analyses .  The
pooled standard dev iat ion for  the  data set  was calcu lated as  the  square  root  of  the
mean squared error  term in  ANOVA generated by  the  PROC GLM procedure  in  SAS.
These  power  analyses  were  conducted for  so i l  organic  carbon mass  as  calcu lated on
a f ixed mass  (3478 Mg so i l )  bas is .
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Average organic  carbon stock per  hectare (OCM) in different  soi l
series  and their  corresponding average coeff icient  of  variation
(CV) as calculated using f ixed mass method.

TABLE A-1

RESULTS AND DISCUSSION

Samples  were  co l lected f rom a wide range of  so i l  types  contain ing broad range of
organic  carbon mass  (OCM) in  the  sur face 30 cm (Table  A- 1 ) .  The average OCM as
calcu lated us ing the  f ixed mass  method found in  two Grandf ie ld  loamy sand so i l s
was 3 .8  Mg C ha- 1 .  In  contrast ,  an Aspermont  s i l t  loam contained 28.0  Mg C ha- 1 .
Th is  d i f ference demonstrates  the  d ivers i ty  in

OCM represented wi th in  th is  s tudy.  A  wide range in  the  amount  of  var iabi l i ty  in  OCM
is  a lso  presented in  Table  A- 1 .  The coef f ic ients  of  var iat ion (CV)  presented were  as
l i t t le  as  3 .4% for  one Abi lene s i l t  loam and as  large 29.8%,  which was the  average CV
for  the  two Grandf ie ld  loamy sand so i l s .  When OCM was calcu lated on a  f ixed depth
bas is  (Table  A-2) ,  the  re lat ive  d i f ference among the  so i l  ser ies  d id  not  d i f fer ;
however ,  the  OCM were  h igher  for  the  f ixed depth method.  The standard dev iat ion
for  OCM as  calcu lated wi th  the  f ixed mass  method was lower  than the  s tandard
deviat ion of  OCM calcu lated wi th  the  f ixed depth method.  On the  other  hand,  CVs
for  the  f ixed mass  method are  h igher  (wi th  few except ions)  than those  calcu lated
with  the  f ixed depth method.  I t  should  be noted that  the  mass  se lected for  the  f ixed
mass  calcu lat ion was the  min imum among the  cores  and a l l  other  cores  were  
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Average organic  carbon stock per  hectare (OCM) in different  soi l
series1  and their  corresponding percent  coeff icient  of  variation
(CV) as calculated using f ixed depth method.

TABLE A-2

t runcated to  achieve  i t ,  such that  the  lower  OCM values  in  f ixed mass  calcu lat ion
were  expected.  The h igher  CVs  resu l t ing f rom us ing the  f ixed mass  method are  a
resu l t  of  the  decrease in  average OCM and a s l ight  change in  s tandard dev iat ion.

The  var iat ion  observed  between  so i l  types  as  wel l  as  wi th in  sample  locat ions 
presents  chal lenges  to  ef forts  to  monitor  organic  carbon  stocks  and  prov ide  usefu l 
est imates  of  carbon  sequestrat ion  or  loss .  Therefore ,  an  ef fort  was  made  to 
determine  i f  SSURGO  data  and  land  management  in format ion  could  be  used  to 
categor ize  the  so i l  types  into  those  that  may  a l low  for  eas ier  moni tor ing  of  carbon 
stocks  and  those  that  present  chal lenges .

The ef fect of land management can be observed in Table A-3 . In th is s tudy there 
were 15 grass f ie lds and 32 no-t i l l c ropland f ie lds . The OCM, s tandard dev iat ion, and 
CV were not af fected by management system (Table A-3) . I t should be pointed out 
again that the grass f ie lds were prev ious ly cu l t ivated. Some f ie lds were p lanted to 
improved grasses for hay product ion and others were planted as a resu l t of 
enro l lment in the conservat ion reserve program. The common pract ice in the area is 
to p lant grass to those cropland f ie lds that are low in gra in crop product iv i ty or 
h ighly erodib le . Therefore , the resu l ts of th is analys is are l i ke ly confounded by crop 
h is tory and so i l type. 
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Average organic  carbon mass (OCM),  average standard
deviation (SD) and average coeff icient  of  variation (CV) under
grassland and no-ti l l  system as calculated through f ixed depth
and f ixed mass method.

TABLE A-3

However ,  the  d ivers i ty  in  so i l  types  d id  not  a l low for  analys is  of  management  wi th in
each so i l  type.

Table  A-4  shows the  ef fect  of  texture  category  on OCM and CV.  When us ing both the
f ixed depth and f ixed mass  method,  the  so i l s  contain ing >  60% sand had
s igni f icant ly  lower  OCM than the  remain ing texture  categor ies .  The remain ing
textura l  c lasses  were  not  s igni f icant ly  d i f ferent  f rom each other .  Our  resu l ts  are  in
agreement  wi th  f indings  of  Gos l ing and Parson (2013)  and Meersmans et  a l .  (2008)
who reported that  so i l s  wi th  large amounts  of  sand have lower  OCM when compared
to those  contain ing h igher  c lay  contents .  Meersmans et  a l .  (2008)  used the  Be lg ian
textura l  t r iangle ,  where  c lay  so i l s  have >30% c lay .  Gos l ings  and Parsons  (2013)  ( for
Great  P la ins  of  US)  and Meersmans et  a l .  (2008)  ( for  so i l s  in  Be lg ium) in  the i r
separate  s tudies  reported a  s igni f icant  e f fect  of  texture  on tota l  so i l  organic  matter .
C lay  and s i l t  appear  to  reta in  the  heavy  f ract ion of  so i l  organic  matter  by  protect ing
i t  in  micropores  out  of  the  reach of  microbes  or  by  forming organo-mineral
complexes  wi th  c lay  minerals  (Chr is tensen 1996;  Hass ink  1992;  Sch imel  1985;  Sorensen
1981) .  
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Soi ls  hav ing more  c lay  f ract ion have a  h igher  proport ion of  micropores  of  d iameter
<0.2  micro  meter  (Hass ink ,  1992 ;  Hass ink ,  1993) ,  which does  not  a l low microbes  to
decompose the  organic  matter/b iomass  t rapped in  these  pores .  S imi lar ly ,  so i l s  wi th
higher  c lay  content  due to  the i r  h igher  aggregat ion capaci ty  t rap the  organic
matter  in  aggregates  or  encapsulate  i t ,  thus  protect ing i t  f rom decaying by  microbes
(Kölb l  and Knabner ,  2004;  Kru l l  e t  a l  2003) .  In  contrast ,  Hass ink  ( 1994)  d id  not  f ind
any re lat ion of  carbon decomposi t ion wi th  so i l  texture .  In  addi t ion,  Ep inset  et  a l .
(2013)  reported that  texture  a long wi th  prec ip i tat ion in f luences  decomposi t ion rates ,
where  sands  have h igher  rates  of  decomposi t ion than c lay  for  a  g iven amount  of
prec ip i tat ion.  The avai lable  water  capaci ty  of  so i l  in f luences  net  pr imary
product iv i ty ,  where  the  avai lable  water  capaci ty  increases  wi th  s i l t  content  of  the
soi l  (Burke  et  a l .  1989) .  However ,  there  i s  a  feedback mechanism with  respect  to  the
impact  of  prec ip i tat ion which supports  product iv i ty  as  wel l  as  enhances
decomposi t ion of  so i l  organic  matter  (Burke  et  a l .  1989) .

In  addi t ion to  contain ing the  lowest  OCM,  the  so i l s  wi th  >  60% sand (Table  A-4)  had
the h ighest  average CV,  regardless  of  ca lcu lat ion method.  In  fact ,  i t  was
s igni f icant ly  h igher  than a l l  other  textura l  categor ies  except  for  the  so i l  contain ing <
10  sand,  >  60 s i l t ,  and >  30 c lay .  Those texture  categor ies  wi th  <  25% c lay  and <  35%
sand had the  lowest  CVs.  Th is  indicates  that  loam soi l s  have lower  leve ls  of
var iabi l i ty  wi th in  a  sample  s i te  compared to  sandy and c layey  so i l s .

Average of  organic  carbon mass (OCM) and coeff icient  of
variation (CV) in  soi ls  with different  proportion of  sand,  s i lt  and
clay.

TABLE A-4
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The organic  carbon concentrat ion (OCC)  fo l lows the  same t rend as  OCM with
respect  to  the  impact  of  texture  (Table  C-  5) .  The OCC in  so i l s  contain ing >60% sand
was s igni f icant ly  lower  than in  the  remain ing textura l  c lasses .

The var iat ion in  OCC was h ighest  in  sandy so i l s  fo l lowed by  so i l s  wi th  >30% c lay .  Th is
is  in  agreement  wi th  f indings  of  Merry  and Spouncer  ( 1988) ,  who reported an
increase in  CV of  carbon concentrat ion wi th  decrease in  carbon concentrat ion.
Merry  and Spouncer  ( 1988)  analyzed the  interact ion of  sample  weight ,  furnace
temperature  and carbon concentrat ion for  four  d i f ferent  so i l s .  They  observed a
maximum CV of  7 . 1% in  so i l s  hav ing a  min imum OCC of  4 .8  g  kg- 1 .  The h igh CV is  a
resu l t  of  be ing near  the  detect ion l imi t  of  the  analys is  (dry  combust ion method) .  In
the  current  s tudy,  the  second h ighest  CV was observed in  so i l s  wi th  >  30% c lay
content ,  and most  of  these  c layey  contained carbonates .  The average tota l  carbon
concentrat ion in  so i l s  wi th  >30% c lay  was 13 .3  g  kg- 1 ,  which i s  approx imate ly  twice
the OCC.  Thus ,  the  h igher  tota l  carbon concentrat ion (organic  carbon +  inorganic
carbon)  in  so i l s  contain ing carbonates  might  have e levated CV ( refer  to  Appendix
C) .  The su i table  weight  for  a  major i ty  of  the  so i l s  i s  0 .2 -0 .3  g  (Carr ,  1973) ,  which has
been used in  th is  s tudy.  The current  s tudy shows h igh var iat ion in  sandy so i l s  wi th
the lowest  organic  carbon concentrat ion and in  so i l  w i th  the  h ighest  tota l  carbon
concentrat ion.

The bulk  dens i ty  was not  s igni f icant ly  af fected by  so i l  texture  (Table  A-6) ;  however ,
so i l  texture  had a s igni f icant  e f fect  on the  CV for  bulk  dens i ty  (Table  A-4) .  The bulk
dens i ty  CVs  were  lowest  for  the  so i l s  contain ing >60% sand but  only  s igni f icant ly
lower  than the  CV for  the  so i l s  contain ing >60% s i l t .

Organic  carbon concentration (OCC) and percent  coeff icient  of
variation (CV) in  soi l  with different  proportion of  sand,  s i lt ,  and
clay.

TABLE A-5
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Table  A-7  s impl i f ies  the  data by  present ing OCM found in  3  texture  c lasses  and the
average SD and CV for  both  calcu lat ion methods.  Th is  presentat ion shows that  the
absolute  error  as  indicated by  the  SD is  s imi lar  for  so i l s  contain ing >  60 % s i l t  or  sand
which have lower  SD than compared to  the  so i l s  contain ing >  30% c lay .  In  contrast ,
because the  so i l s  contain ing >60% s i l t  have OCM values  equivalent  to  the  so i l s
contain ing >  30 % c lay ,  the  CV for  the  s i l t  so i l s  i s  approx imate ly  hal f  of  that  found for
the  sand and c lay  so i l s .

Assessment  of  Tables  A-4 ,  5 ,  and 6  suggests  that  the  re lat ive  var iabi l i ty  in  OCM as
evaluated us ing CV is  dominated by  var iabi l i ty  in  the  OCC as  indicated by  the  fact
that  the  ef fects  of  texture  c lass  on the  CV values  for  OCM and OCC were  s imi lar  and
that  the  CV in  bulk  dens i ty  d id  not  fo l low a s imi lar  t rend.  In  order  to  fu l ly  understand
how measured OCC and bulk  dens i ty  va lues  in f luenced absolute  error  in  the  OCM
est imate,  regress ion analys is  was  used to  determine i f  the  average OCC or  average
bulk  dens i ty  in  the  0-30 cm sample  depth were  re lated to  the  average SD values  for
the  OCM values  calcu lated us ing f ixed mass  and f ixed depth.  In  addi t ion,  the  SD
values  for  OCC and bulk  dens i ty  for  each depth and the  average across  depths  were
also  regressed against  the  average SD and average CV values  for  OCM values
calcu lated
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Bulk density  (BD),  i ts  standard deviation (SD) and percent
coeff icient  of  variation (CV) in  soi l  with different  proportion of
sand,  s i lt  and clay.

TABLE A-6

TABLE A- 7 Average organic  carbon (OCM) mass as calculated in soi ls  with
different  dominating textural  components and their  average
standard deviation (SC)  and percent  coeff icient  of  variation (CV)  
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us ing f ixed mass  and f ixed depth.  The coef f ic ients  of  determinat ion ( r2)  presented in
Table  A-  8  show that  OCM was h ighly  corre lated wi th  the  OCC.  The st rong
re lat ionships  between OCC and OCM for  f ixed mass  and depth methods suggest  that
OCC is  the  dominant  factor  resu l t ing in  d i f ferences  among sample  s i tes .  Table  A-8
also  shows that  the  s tandard dev iat ion of  OCM (OCM SD)  i s  not  re lated to  the
average OCC,  indicat ing that  the  var iabi l i ty  in  OCM is  not  cons is tent ly  af fected by
the OCC.
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Coefficients  of  determination for  the l inear relationship between
average OCM and the corresponding average standard deviation
for  the OCM and the average organic  carbon concentrations
found in each sampled depth and the average concentration in
the 0-30 cm.

TABLE A-8

Table  A-9  shows that  the  SD for  OCC values  was not  re lated to  the  OCM.  However ,
the  SD for  OCC was st rongly  re lated to  the  SD for  OCM.  This  indicates  that  the  wi th in
sample  s i te  var iabi l i ty  in  OCM measurements  i s  dependent  on var iabi l i ty  in  OCC.

Tables  A- 10  and 1 1  show that  ne i ther  the  average bulk  dens i ty  nor  the  SD for  bulk
dens i ty  i s  re lated to  the  OCM or  the  SD for  OCM.  This  analys is  suggests  that  var iat ion
in  bulk  dens i ty  has  no impact  on var iabi l i ty  in  OCM with in  a  sample  s i te  or  among
sample  s i tes .  In  fact ,  d i f ferences  in  OCM between sample  s i tes  and wi th in  sample
s i tes  were  more  dependent  on OCC than on bulk  dens i ty .  The fact  that  var iat ion in
bulk  dens i ty  does  not  in f luence var iat ion in  OCM can be expla ined in  part  by  the  fact
that  bulk  dens i ty  d id  not  vary  as  a  funct ion of  so i l  type.  Spec i f ica l ly ,  recal l  that  Table
C-6  shows no d i f ference in  bulk  dens i ty  among the  d i f ferent  texture  c lasses
evaluated.  In  addi t ion,  the  average bulk  dens i ty  measured to  a  depth of  30 cm
across  a l l  sample  s i tes  was 1 .45  g  cm-3.  F igure  A- 1  shows that  20 of  the  sample  s i tes
had average bulk  dens i t ies  wi th in  the  range of  1 .49- 1 .4 1  g  cm-3  which i s  + / -  2 .5% of
the  1 .45  g  cm-3  average.  Furthermore,  a l l  bu lk  dens i ty  va lues  were  wi th in  15% of
average bulk  dens i ty .  In  contrast  the  range of  OCC values  was 0 .6  to  10 .0  g  kg- 1  or
+/ -  90% of  the  mean of  5 .7  g  kg- 1 .  Th is  wide range and more  even d is t r ibut ion (F igure
A-2)  of  OCC values  expla ins  i ts  dominant  e f fect  on OCM.
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Histogram showing the distr ibution of  bulk density  values
measured at  each of  the 47 sample sites.

FIGURE A-1

Coefficients  of  determination for  the relationship between
average OCM and the corresponding average standard deviation
for  the OCM and the average standard deviation of  the organic
carbon concentration found in each sampled depth and the
average standard deviation in the 0-30cm.

TABLE A-9
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Histogram showing the distr ibution of  organic  carbon
concentration (OCC) values measured at  each of  the 47 sample
sites.

FIGURE A-2

Coefficients  of  determination for  the relationship between
average OCM and the corresponding average standard
deviation for  the OCM and the average bulk density  found in
each sampled depth and the average bulk density  in  the 0-
30cm.

TABLE A-10
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Coefficients  of  determination for  the relationship between
average OCM and the corresponding average standard
deviation for  the OCM and the average standard deviation of
the bulk density  found in each sampled depth and the average
standard deviation in the 0-30cm.

TABLE A-11

POWER ANALYSIS

Power  analys is  was  per formed to  determine the  number  of  cores  and sample  s i tes
requi red to  be  80% conf ident  in  f inding a  s igni f icant  (p<0.05)  increase in  OCM equal
to  the  est imated sequestrat ion rate  of  0 .27  Mg C ha- 1  y r - 1 .  The f i rs t  analys is  assumed
a four-year  sample  rotat ion to  monitor  the  change in  OCM on each sample  s i te .
Spec i f ica l ly ,  the  analys is  was  per formed to  determine the  number  of  samples
requi red to  measure  an increase in  OCM of  1 . 1  Mg C ha- 1  at  each s i te  based on the
standard dev iat ion in  OCM in  each s i te .  F igure  A-3  shows that  the  s tandard
deviat ions  observed in  the  data range f rom 0.5  to  5 .0  Mg C ha- 1 ,  resu l t ing in  a
sample  requi rement  of  10  to  659 wi th  an average of  1 15  samples  f rom each s i te  to
measure  a  s i te  spec i f ic  change in  OCM equal  to  1 . 1  Mg C ha- 1  i f  in  fact  i t  occurred.

The number of  cores required to be 80% confident in  f inding a
signif icant (p<0.05)  increase in  carbon mass equal  to 1 . 1  Mg C
ha-1  at  the standard deviation of  OCM calculated for  each site
using the f ixed mass method at  each site.

FIGURE A-3
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This  analys is  of  the  core  requi rement  to  monitor  carbon at  each s i te  demonstrates
the  fut i l i ty  in  moni tor ing carbon on a  s i te-by-s i te  bas is .  In  addi t ion to  the  analys is
costs ,  co l lect ion of  the  average number  of  requi red cores  ( 1 15)  f rom each sample  s i te
would ser ious ly  damage the  integr i ty  by  s imply  forming an excess ive  number  of
holes  in  the  so i l  sur face.

Because of  the  h igh number  of  cores  requi red to  monitor  carbon at  each s i te ,  i t  may
be more  usefu l  to  assess  the  average carbon sequestrat ion across  a l l  sample  s i tes .
In  order  to  determine the  number  of  sample  s i tes  requi red,  analys is  of  data f rom the
47 sample  s i tes  was used to  determine a  pooled standard dev iat ion of  2 . 15  Mg C ha- 1
for  the  OCM.  Power  analys is  was  again  per formed to  determine the  number  of  cores
and sample  s i tes  requi red to  be  80% conf ident  in  f inding a  s igni f icant  (p<0.05)
increase in  OCM equal  to  the  est imated sequestrat ion rate  of  0 .27  Mg C ha- 1  y r - 1 .
Th is  analys is  found that  1997  cores  would  be requi red to  measure  th is  annual
change in  OCM as  calcu lated us ing the  f ixed mass  method.  I f  10  cores  were  co l lected
from each sample  s i te ,  200 sample  s i tes  would  be requi red.  Further  analys is
demonstrates  the  potent ia l  impact  of  sample  f requency on sample  requi rement .  For
example ,  i f  f ie lds  are  sampled every  four  years  and we expect  that  the  sequestrat ion
rate  i s  constant  at  0 .27  Mg C ha- 1  y r - 1 ,  then in  3  years  the  so i l  would  accumulate  0 .8
Mg C ha- 1 .  Two hundred and twenty-  four  samples  would  be requi red to  be  80%
conf ident  in  f inding a  s igni f icant  increase of  th is  magnitude.  G iven that  10  cores  are
col lected f rom each s i te ,  th is  would  requi re  23  sample  s i tes .  Table  A- 12  prov ides
further  assessment  of  the  impact  of  sample  f requency on the  number  of  cores
requi red to  measure  a  s igni f icant  change in  OCM.

The number of  cores required to be 80% confident in  f inding a
signif icant (p<0.05)  increase in  carbon mass in  a f ixed mass of
soi l  equal  to the estimated sequestration rate of  0.27 Mg C ha-1
yr-1  for  1  to  10 years  of  sequestration.  The number of  s ites  was
determined assuming that 10 cores are col lected from each site.

TABLE A-12
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SUMMARY

The analys is  shows that  OCM is  in f luenced by  so i l  texture  and that  the  var iabi l i ty  in
OCM increases  in  sandy so i l s  due to  low concentrat ions  of  OCC which decrease the
reproducib i l i ty  of  the  laboratory  method.  The increased var iabi l i ty  in  OCM found in
the  c layey  so i l s  appears  to  be  the  resu l t  of  the  presence of  inorganic  carbon in  these
soi l s .  The dominant  factor  in f luenc ing wi th in-s i te  var iabi l i ty  at  a  s ix -meter  scale ,  and
ul t imate ly  the  number  of  samples  requi red to  successfu l ly  moni tor  carbon stocks ,  i s
the  var iabi l i ty  in  OCC.  A l though OCC has  a  s t rong inf luence on OCM,  us ing the  f ixed
mass  method of  ca lcu lat ing OCM further  improved the  re lat ionship  between OCC
and OCM by decreas ing var iabi l i ty  in  OCM due to  var iat ion in  bulk  dens i ty .

The fact  that  bulk  dens i ty  was not  s igni f icant ly  in f luenced by  texture  and is  not  a
major  contr ibutor  to  var iabi l i ty  suggests  that  perhaps a  s ingle/constant  bulk  dens i ty
value  may be used a long wi th  OCC analys is  to  monitor  carbon stocks .  Th is  may be
part icu lar ly  t rue  i f  the  goal  of  moni tor ing i s  to  determine the  rate  of  change in  a
large land base such as  the  aggregated acres  in  a  carbon program.  However ,  the
procedure  i s  l i ke ly  insuf f ic ient  i f  moni tor ing i s  meant  to  determine the  rate  of  change
in  carbon stocks  at  indiv idual  locat ions  because s i te  spec i f ic  bulk  dens i ty  wi l l  be
needed.  Power  analys is  found that ,  based on the  s tandard dev iat ion in  OCM values
at  each s i te ,  the  average number  of  cores  requi red to  monitor  OCM would be 1 15 .
Th is  would  be cost ly  as  wel l  as  damaging to  the  integr i ty  of  the  sample  s i te  for  long
term monitor ing due to  excess ive  number  of  ho les  le f t  in  the  so i l  sur face.  Therefore ,
i t  i s  l i ke ly  that  mult ip le  samples  s i tes  wi l l  be  requi red to  monitor  the  aggregate
change in  OCM.

Ut i l i z ing mult ip le  s i tes  to  monitor  the  aggregate  change in  OCM is  prudent  for  a
var iety  of  other  pract ica l  reasons  as  wel l .  F i rs t ,  i t  improves  the  representat ion of  the
contracted acres .  Secondly ,  i t  prevents  loss  of  s i te  integr i ty  due to  t i l lage or  other
so i l  d is turbance.  Last ly ,  i t  prov ides  potent ia l  opportuni ty  to  gain  knowledge about
the  impact  of  so i l  type,  management ,  and locat ion on changes  in  OCM.  Therefore ,
co l lect ion of  10  cores  per  sample  locat ion wi l l  be  suf f ic ient  to  monitor  carbon on a
three-year  sample  f requency g iven that  no fewer  than 23  samples  s i tes  are  used.
However ,  exper ience suggests  that  at  least  1 .5  t imes  th is  many s i tes  wi l l  be  requi red
to insure  that  s i te  integr i ty  i s  not  compromised by  t i l lage or  other  act iv i ty  such as
pipe l ine  excavat ion over  t ime.
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The object ive  of  th is  s tudy was to  determine the  impact  of  probe type on measured
bulk  dens i ty ,  organic  carbon concentrat ions ,  and organic  carbon mass  in  cropland
soi l s  of  the  U.S .  Southern  P la ins .  A  secondary  object ive  was to  evaluate  the  ut i l i ty  of
the  f ixed mass  method in  reducing var iabi l i ty  in  measured organic  carbon mass .

OBJECTIVES

Three probe types  were  used in  th is  s tudy.  The f i rs t  was  a  t ractor  mounted hydraul ic
probe (HP) ,  G iddings  #25-TS  Model  HDGSRTS,  wi th  a  d iameter  of  3 .98 cm.  The second
probe is  re ferred to  as  the  push/hand probe (PP)  and has  a  d iameter  of  2 .67  cm.  Th is
probe is  commerc ia l ly  avai lable  f rom AMS Inc .  as  the  1  1 /4"  x  24"  p lated replaceable
t ip  so i l  recovery  probe.  Th is  push probe can be f i t ted wi th  a  hammer  head cross
handle  a l lowing for  sample  co l lect ion dur ing dry  condi t ions .  The th i rd  sampler
evaluated is  re ferred to  as  the  s l ide  hammer  probe (SH) ,  wi th  a  d iameter  of  4 .8  cm.
This  sampler  i s  a lso  commerc ia l ly  avai lable  f rom AMS Inc .  as  the  2"  x  12"  so i l  core
sampler .  These  samplers  were  se lected because they  inc lude so l id  recovery  tubes
that  wi l l  prevent  contaminat ion as  the  core  i s  ext racted.  They  a lso  a l low sampl ing to
30 cm or  greater .

N ineteen f ie lds  part ic ipat ing in  Ok lahoma Carbon Program were  sampled.  These
f ie lds  were  located in  four  Ok lahoma count ies  (Major ,  Garf ie ld ,  Washi ta ,  and
Caddo) .  The f ie lds  were  cropland,  wi th  wheat  as  the  pr imary  crop.  A  wide range of
so i l  types  were  inc luded in  th is  s tudy.  Legal  descr ipt ions  of  each f ie ld  and
management  in format ion were  obtained f rom the  Oklahoma Conservat ion
Commiss ion.  Each f ie ld  was ass igned an a lphabet ic  character  for  un ique
ident i f icat ion.  F ie ld  boundar ies  were  drawn in  ArcMap 10 ,  and the  random point
generator  in  the  ArcToolbox was used to  generate  sample  points  wi th in  each f ie ld .

A  3  m radius  c i rc le  was marked around each random point ,  and samples  were  taken
in  that  c i rc le .  In  these  f ie lds ,  10  cores  were  co l lected us ing the  hydraul ic  probe,  and 5
cores  each were  co l lected wi th  the  push probe and s l ide  hammer  probe.

Cores  were  extracted to  a  depth of  30 cm and cut  into  0- 10 ,  10-20,  20-30 cm
segments .  The segments  were  packed in  z ip lock  p last ic  bags  and p laced in  an ice
chest  unt i l  t ransported and stored in  a  ref r igerator  at  4◦ C.  Z ip lock  bags wi th  wet
so i l  were  weighed and a subsample  (~20 g)  was weighed into  an a luminum weigh
boat .  Th is  subsample  of  so i l  was  dr ied at  1 10◦ C for  24  hours  and then weighed to
determine moisture  content .  The so i l  remain ing in  the  z ip lock  bag was t ransferred to  

MATERIALS AND METHODS
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The so i l  mass  up to  30 cm depth for  each core  was calcu lated.  The min imum soi l
mass  among the  cores  co l lected was se lected as  the  f ixed mass  which was 3690 Mg
ha-1  th is  i s  equal  to  a  bulk  dens i ty  of  1 .23  g  cm-3  in  the  sur face 30 cm of  so i l .  The so i l
mass  of  0-20 cm depth of  every  core  i s  subtracted f rom th is  f ixed mass .  The resu l t ing
mass  of  so i l s  i s  mul t ip l ied by  the  concentrat ion of  carbon found in  the  20-30 cm
segment  of  the  core .  Th is  va lue  i s  then added to  the  mass  of  carbon in  the  0- 10  and
10-20 cm depths ,  which i s  s imply  calcu lated by  mult ip ly ing the  mass  in  each depth
by the  OCC found in  each depth.

Sample  points  were  cons idered repl icates  and the  probe type was the  t reatment .  The
mean bulk  dens i ty ,  organic  carbon concentrat ion,  and organic  carbon mass  was
calcu lated for  each sample  point  and probe at  each depth.  The mean organic
carbon mass  for  the  cumulat ive  depth of  30 cm and the  cumulat ive  mass  of  3690 Mg
ha-1  was  a lso  calcu lated for  each sample  point  and probe.  The coef f ic ients  of
var iat ion around these  means was then determined.
 
A l l  o f  the  three  probes  were  t reated as  t reatments  and the  f ie lds  as  repl icat ions .
Randomized complete  b lock  analyses  of  var iance were  per formed us ing the  SAS  

to  a  paper  bag and a l lowed to  dry  at  65◦ C for  one week  and then ground and
s ieved through a 2  mm s ieve .  Moisture  content  was used to  determine dry  so i l  mass
in  the  z ip lock  bag and further  to  determine bulk  dens i ty .  The s ieved so i l  was
analyzed for  tota l  carbon us ing the  dry  combust ion method (Kalembasa and
Jenk inson,  1973)  in  a  Leco CN analyzer  af ter  weighing 0 .2400-0.2500 g into  a  t in  fo i l
cup.  Inorganic  carbon was determined us ing a  Pressure  Calc imeter  (Sherrod et  a l . ,
2002)  for  samples  wi th  pH greater  than 7 .2 .  So i l  pH was determined on a  1 : 1 ,
so i l :de ionized H2O mixture  af ter  a  30 minute  equi l ibrat ion per iod.

The organic  carbon concentrat ion of  samples  was calcu lated as  the  d i f ference
between the  tota l  carbon and inorganic  carbon.  The organic  carbon mass  (OCM) in
each depth was determined by  mult ip ly ing the  concentrat ion by  the  bulk  dens i ty .
 
The f ixed mass  approach to  calcu lat ing OCM was adopted f rom Gi f ford and
Roder ick  (2003) .  Spec i f ica l ly ,  the  tota l  length of  the  core  was represented by  Z   and
the sur face subsect ion i s  represented by  Z   wi th  the  cumulat ive  dry  so i l  masses  to  the
respect ive  depths  denoted by  m (z  )  and m (z  )  and the  cumulat ive  mass  of  so i l  C ,  cs
(z  )  and c   (z  ) .  The target  or  “ f ixed”  cumulat ive  mass  of  dry  so i l  i s  denoted by  ms ( t )
and the  corresponding cumulat ive  mass  of  so i l  C  that  we are  look ing for  i s  denoted
as c   ( t ) .  Through l inear  interpolat ion,  the  resu l t ing equat ion i s  th is :

a

b

s b

b

s sa

as

s
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PROC GLM procedure  (SAS Inst i tute ,  2001)  to  determine s igni f icant  t reatment  e f fects
on the  analyzed var iables  and the  average coef f ic ient  of  var iat ion for  those
var iables .  F i sher ’s  protected LSD was used to  separate  s igni f icant  d i f ferences .

RESULTS AND DISCUSSION

Table  B- 1  shows the  impact  of  probe type on the  bulk  dens i ty  measurements .  The
average bulk  dens i ty  as  measured wi th  PP  was s igni f icant ly  h igher  than HP and SH in
the  sur face 10  cm.  The probable  reason for  h igher  bulk  dens i ty  at  sur face 10  cm for
PP  would be the  compact ion caused by  i ts  smal l  cutt ing edge d iameter  (2 .26  cm),
such that  the  cross  sect ional  area of  the  PP ’s  sample  i s  less  than hal f  of  the  SH
(cutt ing d iameter  of  4 .8  cm)  and HP (cutt ing d iameter  of  3 .98cm).  The granular
st ructure  in  the  sur face layer  wi th  low bulk  dens i ty  tends  to  be  compressed eas i ly .
There  was no s igni f icant  d i f ference among the  average bulk  dens i ty  readings  of  a l l
three  probes  at  10-20 cm and 20-30 cm depth.

Average bulk density  and coeff icient  of  variation (CV) from 19
fields at  various depths (0-10,  10-20,  and 20-30cm) col lected
using each of  the three probe types.

TABLE B-1

Further ,  the  average coef f ic ient  of  var iat ion (CV)  in  bulk  dens i ty  for  each probe was
not  s igni f icant ly  d i f ferent  for  the  0- 10  or  20-30 cm so i l  layers .  However ,  the  average
CV for  PP  was s igni f icant ly  h igher  than the  SH at  10-20 cm depth,  but  not  d i f ferent
f rom the  HP.

Table  B-2  shows that  the  average organic  carbon concentrat ion (OC)  was not
s igni f icant ly  d i f ferent  among the  three  probes  at  any  depth.  The average CV for  OC
at  0- 10  cm depth for  HP  was s igni f icant ly  h igher  than average CV for  PP .  However ,
the  CVs  were  not  s igni f icant ly  d i f ferent  among the  probes  at  the  remain ing depths .
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Average organic  carbon (OC) concentration and coeff icient  of
variation (%)  and organic  carbon mass (OCM) and coeff icient  of
variation (CV) from 19 f ields at  0-10,  10-20,  and 20-30 cm depths,
col lected with al l  three probe types using f ixed depth method.

TABLE B-2

Despi te  the  d i f ferences  in  bulk  dens i ty  in  the  0- 10  cm depth,  there  was no s igni f icant
di f ference in  the  OCM among probe types  at  th is  depth or  the  lower  depths .  A lso ,
there  was no d i f ference in  the  average CV of  organic  carbon mass  among probe
types .  Th is  indicates  that  the  probes  could  be used interchangeably  to  determine
carbon mass  on a  f ixed depth bas is .  However ,  inspect ion of  the  data shows that  the
PP est imated 10 .0  Mg OC ha- 1  compared to  9 .2  and 9 .2  Mg ha- 1  for  the  SH and HP in
the  0- 10  cm depth (averaged across  a l l  f ie lds) .  The d i f ference between the  PP  and
remain ing probes  i s  approx imate ly  0 .8  Mg OC ha- 1 ,  respect ive ly .  A l though not
stat is t ica l ly  s ign i f icant ,  th is  d i f ference i s  larger  than the  current  est imated carbon
sequestrat ion rates  (0 . 14-0 .4  Mg OC ha- 1  year- 1 )  used to  calcu late  carbon of fsets  for
management  of  cropland in  the  area (OCC 201 1 ) .  Therefore ,  th is  d i f ference i s
important  at  a  pract ica l  leve l ,  and ef fort  should  be made to  min imize  i t .  Th is  er ror
might  be  reduced i f  the  in i t ia l  carbon value  was a lso  determined us ing PP  or  i f  the
error  due to  compress ion of  the  PP  core  can be removed f rom the  analys is .

Table  B-3  shows that  the  cumulat ive  OCM measured in  the  0-30 cm depth wi th  the  PP
is  s ign i f icant ly  h igher  than the  OCM calcu lated wi th  HP to  a  f ixed depth.  In  fact ,  the
PP  resu l ted in  an OCM that  i s  1 .2  Mg C ha- 1  (4 .9%)  larger  than that  measured wi th  the
HP.  Th is  shows that  the  e levated bulk  dens i t ies  (Table  B- 1 )  of  the  PP  at  sur face 10  cm
resul ted in  s igni f icant ly  h igher  average tota l  OCM.  No s igni f icant  d i f ference was
observed in  the  average %CV for  each probe.
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Average organic  carbon mass (OCM) as measured in 19 f ields
with three different  probe types using f ixed depth and f ixed
mass methods.

TABLE B-3

Table  B-3  a lso  shows the  average OCM measured to  a  f ixed mass  of  3690 Mg ha- 1
us ing three  d i f ferent  probes  in  a l l  19  f ie lds .  There  was no s igni f icant  d i f ference in
average OCM calcu lated f rom di f ferent  probes .  In  fact ,  the  f ixed mass  method
decreased the  d i f ference between the  PP  and HP to  0 .5  Mg C ha-  1  or  2 .2%.  However ,
the  coef f ic ient  of  var iat ion for  the  PP  i s  s ign i f icant ly  lower  (Table  B-3)  than the
coef f ic ient  of  var iat ion of  the  SH and HP.  Th is  resu l t  i s  in  agreement  wi th  the  s tudy of
Wuest  (2009) .  Wuest  (2009)  used square  sampl ing probes  of  d i f ferent  cutt ing edge
cross-sect ional  area for  tak ing samples  in  t i l led  and compacted so i l s  for  water
content  measurement .  Us ing the  f ixed depth method,  d i f ferent  equipment  gave
di f ferent  resu l ts ,  but  the  use  of  equivalent  mass  e l iminated the  d i f ference,  a l though
equipment  e f fect  on bulk  dens i ty  was not  reported.

Wi lson et  a l .  (201 1 )  s tudied the  var iat ion in  bulk  dens i ty  of  a  s i l t  loam soi l  at  d i f ferent
moisture  leve ls  (Appendix  D in  th is  protocol ) .  They  took  samples  three  t imes  in  18
days  up to  a  depth of  90 cm.  Dur ing the  f i rs t  sampl ing event ,  so i l  was  in  the  dr iest
condi t ion,  whi le  i t  was  wettest  on second event  and had intermediate  moisture
dur ing the  th i rd  sampl ing episode.  No s igni f icant  d i f ference in  mean bulk  dens i ty
was observed in  the  sur face 30 cm,  but  the  bulk  dens i ty  was lower  in  the  dr iest
condi t ion as  compared to  wet  condi t ions .  Th is  change in  the  bulk  dens i ty  gave a
s igni f icant  d i f ference in  the  measurement  of  tota l  carbon mass ,  when there  should
be a  negl ig ib le  change in  the  carbon mass  dur ing such a  short  t ime.  However ,  the
equivalent  mass  method gave no s igni f icant  change in  the  tota l  mass  of  carbon.
This  i s  cons is tent  wi th  the  f indings  of  the  current  s tudy in  that  d i f ferences  in
measured organic  carbon dens i ty  resu l t ing f rom di f ferences  in  bulk  dens i ty  can be
corrected regardless  of  the  cause of  the  changes  in  bulk  dens i ty .  There  are  d i f ferent
ways  of  us ing f ixed mass  method.  For  example ,  E l ler t  et  a l .  (2002)  compared the
f ixed depth and the  equivalent  mass  methods of  measur ing carbon on non-
amended and coal -amended (serv ing as  carbon sequestered)  p lots .  The equivalent
mass  method recovered 91 - 106% of  appl ied coal  as  compared to  62-84% when the  
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f ixed depth method was used.  They  chose the  value  of  equivalent  mass  for  each
layer  arb i t rar i ly ,  and the  authors  reported that  whatever  va lue  of  equivalent  mass  i s
chosen does  not  have any ef fect  on recovery  of  organic  carbon.

On the  other  hand,  Lee  et  a l .  (2009)  adjusted the  bulk  dens i ty  based on an
assumpt ion that  t i l lage would cons is tent ly  decrease the  bulk  dens i ty  compared to  a
no-t i l l  system.  They  compared changes  in  so i l  carbon mass  us ing adjusted bulk
dens i ty  under  these  systems wi th  the  equivalent  mass  of  each layer  adjusted to
min imum,  maximum,  and or ig inal  so i l  mass .  The authors  reported greater  accuracy
when us ing min imum soi l  mass ,  where  the  bulk  dens i ty  increases  such as  in  no-t i l l ,
and where  the  d i rect ion of  change in  bulk  dens i ty  i s  not  known.  The maximum mass
was su i table  for  s i tes  where  bulk  dens i ty  was decreas ing and the  or ig inal  mass
accurate ly  known.

As  descr ibed in  the  mater ia ls  and method sect ion in  our  s tudy,  we have adjusted the
soi l  mass  of  a l l  cores  to  the  min imum cumulat ive  mass  found among the
cores/samples .  Thus ,  there  can be d i f ferent  ways  of  us ing the  equivalent/ f ixed so i l
mass  method.  However ,  both  the  s tudies  presented above and our  s tudy resu l ted in
a reduct ion of  er ror  or  uncerta int ies  in  ca lcu lat ion of  OCM due to  uncerta inty  in  bulk
dens i ty  measurements .

SUMMARY

This  s tudy shows that  smal l  d iameter  so i l  sampl ing probes  can compress  the  sur face
layers  of  the  so i l ,  thus  g iv ing h igher  bulk  dens i ty  measurements .  D i f ferences  in  bulk
dens i ty  can impact  so i l  organic  carbon stocks  when calcu lated wi th  f ixed depth
methods.  The f ixed mass  method e l iminates  the  s igni f icant  d i f ferences  in  carbon
stocks  due to  d i f ference in  sampl ing probes .  Th is  i s  cruc ia l  where  bulk  dens i ty  i s
involved in  the  calcu lat ion of  so i l  propert ies ,  espec ia l ly  for  moni tor ing temporal
changes  in  so i l  organic  carbon stocks ,  s ince  data co l lect ion may be conducted by
di f ferent  people  and wi th  d i f ferent  tools  at  d i f ferent  t imes .  Removal  of  the  d i f ference
in  carbon stocks  due to  bulk  dens i ty  er ror  by  f ixed mass  enables  the  use  of
inexpens ive  push probes  in  p laces  where  t ractor  mounted hydraul ic  probes  cannot
be used or  where  funding rest r ic ts  i t s  use .
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APPENDIX C: INFLUENCE OF INORGANIC CARBON
CONCENTRATIONS ON VARIABILITY IN ORGANIC
CARBON CONCENTRATIONS

The object ive  of  th is  s tudy was to  evaluate  the  impact  of  inorganic  carbon
(carbonates)  on the  determinat ion of  organic  carbon concentrat ions  in  so i l s .

OBJECTIVES

Three so i l s  (Woodward,  Konawa,  and Osage)  contain ing a  range of  inorganic
carbon and organic  carbon concentrat ions  were  co l lected,  dr ied at  65 ◦ C,  and
ground to  pass  a  2  mm s ieve .  These  so i l s  were  sp iked wi th  Agr icu l tura l  l ime,
charcoal ,  and peat  (Table  C- 1 ) .  The l ime was s ieved to  create  three  part ic le  s i zes  of
<0.05  mm,  0 .05-0.5  mm and 0.5-2 .0  mm to  determine i f  the  s ize  of  inorganic  carbon
part ic les  in f luenced organic  carbon analys is .  Each amendment  was added to  each
soi l  at  5% and 25% by  weight .  Th is  resu l ted in  30 t reatments  which were  repl icated
three  t imes .  Each repl icate  of  the  so i l :amendment  combinat ion was mixed and
s ieved to  homogenize  the  sample .  Each t reatment  was then analyzed for  tota l
carbon us ing the  dry  combust ion method (Kalembasa and Jenk inson,  1973)  in  a  Leco
CN analyzer  and inorganic  carbon us ing a  Pressure  Calc imeter  (Sherrod et  a l . ,  2002) .
The d i f ference between these  two analyt ica l  resu l ts  was  used as  the  organic  carbon
concentrat ion.

MATERIALS AND METHODS

The init ial  total  C,  inorganic  C,  and organic  C concentrations
found in soi ls  and additives  used in this  study.

TABLE C-1
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Addit ions  of  l ime,  charcoal ,  and peat  d id  not  cons is tent ly  in f luence the  recovery  of
organic  carbon in  samples  analyzed (Data not  shown) .  However ,  the  presence of
inorganic  carbon d id  in f luence the  var iabi l i ty  in  organic  carbon concentrat ions .
F igure  C- 1  shows the  change in  the  coef f ic ient  of  var iat ion in  organic  carbon
concentrat ions  as  a  funct ion of  the  rat io  of  inorganic  carbon to  tota l  carbon
increases .  Not ice  that  when th is  rat io  i s  in  excess  of  0 .40,  meaning that  40% of  the
tota l  carbon is  inorganic  carbon,  the  coef f ic ient  of  var iat ion (CV)  increase to  above
10%.

SUMMARY

The response of  the coeff icients  of  variation for  the mean
organic  C concentrations in  each treatment to the ratio of
inorganic  C to total  C measured in those treatments.

FIGURE C-1
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APPENDIX D: CHANGES IN BULK DENSITY AND
CARBON STOCK ESTIMATES IN SHRINK-SWELL SOILS

This  s tudy was conducted to  determine i f  us ing the  f ixed mass  method would
improve the  prec is ion of  so i l  C  s tock  measurements  in  a  h igh shr ink/swel l  so i l  under
var iable  so i l  moisture  condi t ions .  Th is  research wi l l  be  usefu l  in  determin ing i f
changing f rom the  current  f ixed depth method to  the  f ixed mass  method is  needed in
order  to  monitor  so i l  C  s tocks  for  the  purpose of  determin ing so i l  C  sequestrat ion
rates  in  shr ink/swel l  so i l s .

OBJECTIVES

This  exper iment  was located in  St i l lwater ,  OK,  on a  K i rk land s i l t  loam (F ine ,  Mixed,
Superact ive ,  Thermic  Udert ic  Pa leusto l l ) .  Th is  so i l  was  chosen for  i t s  h igh c lay
content  and corresponding shr ink/swel l  that  causes  cracks  in  the  so i l  for  some t ime
dur ing most  years .  Th is  so i l  was  se lected us ing the  NRCS Soi l  Character izat ion
database that  prov ided bulk  dens i ty  data demonstrat ing that  the  bulk  dens i ty ,  as
determined us ing the  c lod method (Brasher  et  a l . ,  1966;  B lake  and Hartge,  1986;
Grossman and Re insch,  2002) ,  of  th is  so i l  can change by  as  much as  30% between
f ie ld  capaci ty  and permanent  wi l t ing point .  Th is  exper imental  locat ion was p lanted
to soybeans  under  convent ional  t i l lage.  An area measur ing f ive  meters  by  seven
meters  was sect ioned into  32  indiv idual  sample  areas .  The exper imental  area was
sampled three  t imes  to  prov ide  three  d i f ferent  so i l  moisture  condi t ions .  The sample
areas  were  randomly  ass igned to  a  sample  t ime ( t reatment)  such that  10  cores
would be co l lected dur ing each t reatment  t ime.  The remain ing two sample  areas
would not  be  sampled unless  an error  was made in  co l lect ing f rom the  other  areas .
Due to  the  short  exper imental  per iod ( two weeks) ,  i t  i s  assumed that  changes
(decomposi t ion/depos i t ion)  in  organic  C  s tocks  would  be min imal .

So i l  samples  were  co l lected August  13th ,  25th ,  and 30th  of  2010  to  capture  var ious
soi l  moisture  condi t ions .  Sampl ing dates  were  chosen to  represent  a  range f rom very
dry  to  moist  so i l  condi t ions .  August  13th  was qui te  dry ,  between August  13th  and 25th
the locat ion rece ived approx imate ly  5 .7  cm of  ra infa l l ,  and on the  24th  the  p lots
were  i r r igated wi th  approx imate ly  2 .5  cm of  water  and sampled on the  25th .  On the
28th,  the  p lots  were  again  i r r igated wi th  approx imate ly  2 .5  cm of  water  and sampled
two days  later .  These  sampl ing dates  are  re ferred to  as  T1  ( 13th) ,  T2  (25th)  and T3
(30th) .

So i l  samples  were  co l lected us ing a  t ractor-mounted hydraul ic  probe wi th  a  cutt ing
diameter  of  7 .45  cm.  The probe was pushed to  a  depth of  approx imate ly  125  cm.  

MATERIALS AND METHODS
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where                  i s  the  mass  f ract ion of  C  wi th in  the  tota l  dry  mass ,  and                     i s
the  mass  concentrat ion of  the  dry  mater ia l  ( “dry  bulk  dens i ty”  or  “bulk  dens i ty”) .
S ince  V  equals  area (A)  t imes  depth (z) ,  so i l  C  per  un i t  area i s  
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(1)

(2)

Soi l  f rom the  bottom of  some of  the  cores  fe l l  out  as  the  core  was extracted f rom the
soi l .  Therefore ,  on ly  90 cm of  so i l  was  used for  th is  analys is  because th is  depth was
cons is tent ly  extracted throughout  each sampl ing t ime.  Each hole  created af ter
sampl ing was measured for  depth.  The depth of  the  hole  created was then
compared to  the  length of  the  core  to  gauge compress ion i f  any.  The cores  were
placed in  a  cradle  made f rom PVC pipe wi th  a  d iameter  of  10  cm and cut  into  10  cm
sect ions  us ing a  curved kn i fe ,  such that  so i l  was  not  lost  f rom each sect ion.  So i l
samples  were  then p laced in  a  p last ic  bag and stored in  an ice  chest  unt i l  they  were
del ivered to  a  ref r igerator  for  s torage at  4°C.  Each so i l  core  sect ion was in i t ia l ly
weighed to  determine bulk  dens i ty .  Af ter  the  in i t ia l  weight  was determined,  the
sample  was mixed and a subsample  (20 g)  was dr ied at  1 10°C to  determine the
moisture  content .  The bulk  dens i ty  was then adjusted to  a  dry  weight  bas is .  The
remain ing sample  was t ransferred to  a  paper  bag and p laced in  a  greenhouse to
ai r -dry .  Each sample  was then ground to  pass  through a 2  mm s ieve .  Each sample
was analyzed for  tota l  C  and N us ing a  TrueSpec CN analyzer  (LECO,  Inc .  S t .  Joseph,
MI) .  So i l  pH was determined on a  1 : 1 ,  so i l :  de ionized H2O mixture  af ter  a  30 minute
equi l ibrat ion per iod.  So i l  inorganic  C  was determined on so i l  samples  wi th  a  pH >  7 .0
us ing a  pressure  calc imeter  method (Sherrod et  a l . ,  2002) .  So i l  organic  C  was
determined by  the  d i f ference between tota l  C  and inorganic  C.

In  addi t ion,  the  coef f ic ient  of  l inear  extens ib i l i ty  (COLE)  was determined on three
randomly  se lected so i l  samples  f rom each depth us ing the  method of  Schafer  and
Singer  ( 1976) .

Two methods were  used to  calcu late  C  s tocks  for  each sampl ing per iod.  The f i rs t
method is  the  commonly  used spat ia l  coordinate  method.  In  th is  method,  the
sampl ing depth,  z ,  i s  spec i f ied and therefore  constant .  The so i l  vo lume,  V  (m3) ,
contains  a  dry  mass ,  m (kg) ,  and tota l  mass ,  m (kg) ,  inc luding water .  The C mass
with in  the  vo lume is

S t
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(3)

Analys is  of  var iance and contrast  analys is  were  per formed us ing the  SAS PROC GLM
procedure  (SAS Inst i tute ,  2001) ,  to  determine s igni f icant  t reatment  e f fects  on
measured response var iables .

COLE values  increased wi th  depth (F igure  D- 1 ) .  The COLE values  of  0 . 10  or  greater
found below 20 cm in  th is  prof i le  indicate  very  h igh potent ia l  for  shr ink-swel l  in  a
soi l .  The values  obtained for  th is  sample  s i te  meet  the  cr i ter ia  for  a  Vert ic  suborder
c lass i f icat ion as  def ined by  the  So i l  Survey  Staf f  (2010) .

RESULTS AND DISCUSSION

The second method used is  the  cumulat ive  mass  method proposed by  Gi f ford and
Roder ick  (2003)  as  an a l ternat ive  to  the  spat ia l  coordinate  method.  The cumulat ive
mass  method calcu lated C stocks  found in  a  constant  mass  of  so i l  instead of  a
constant  depth and therefore  may reduce errors  assoc iated wi th  changes  in  bulk
dens i ty  resu l t ing f rom shr ink  swel l .  In  th is  method,  depth var ies  so  that  each sample
contains  the  same dry  mass  per  un i t  area (m /A) .  In  Eq.  2 ,  𝜌      i s  equivalent  to  the
dry  so i l  mass  per  un i t  area.  Therefore ,  in  the  cumulat ive  mass  method,  as  𝜌𝜌
increases ,  the  sampl ing depth (z)  i s  reduced,  thereby mainta in ing the  product  of  the
two terms as  a  constant .

In  order  to  f ind the  cumulat ive  mass  of  so i l  C ,  G i f ford and Roder ick  (2003)  use  l inear
interpolat ion to  a l low for  var iat ion wi th  depth in  both  the  mass  f ract ion of  C  and
bulk  dens i ty .  Th is  i s  accompl ished by  d iv id ing the  core  into  two sect ions ;  for
example ,  a  core  taken to  40 cm would be d iv ided into  one sect ion of  0-20 cm and
another  of  20-40 cm.  The tota l  length of  the  core  i s  represented by  z   and the  sur face
subsect ion i s  represented by  z   wi th  the  cumulat ive  dry  so i l  masses  to  the  respect ive
depths  denoted by  m (z  )  and m (z  )  and the  cumulat ive  mass  of  so i l  C ,  𝑐𝑐   (𝑧𝑧   )  and
𝑐𝑐   (𝑧𝑧   ) .  The target  or  “ f ixed”  cumulat ive  mass  of  dry  so i l  i s  denoted by  𝑚𝑚   ( 𝑡 𝑡 )  and
the corresponding cumulat ive  mass  of  so i l  C  that  we are  look ing for  i s  denoted as  𝑐𝑐   
( 𝑡 𝑡 ) .  Through l inear  interpolat ion,  the  resu l t ing equat ion i s
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The average COLE    values for  3  randomly selected samples
from each depth.

FIGURE D-1

Soil  moisture as measured at  sample date T1,  T2 and T3.  Values
right  of  data points  are least  s ignif icant differences (LSD) at
the 0.05 probabil ity  level .  Data points  without LSD values were
not s ignif icantly  different.

FIGURE D-2

r o d

Soi l  Moisture .  Analys is  of  var iance found that  a l l  sample  dates  had s igni f icant ly
d i f ferent  so i l  moisture  at  the  0- 10  cm increment ,  wi th  T1  be ing the  dr iest  at  0 .08 g  g        
moisture ,  T3  be ing the  intermediate  moisture  leve l  at  0 . 15  g  g   and T2  be ing the
wettest  wi th  0 . 19  g  g    so i l  moisture .  Analys is  of  the  10-20 cm,  30-40 cm,  and 60-70
cm increments  a l l  revealed T1  to  be  s igni f icant ly  dr ier  than T2 .  The T3  so i l  was  not
s igni f icant ly  d i f ferent  f rom e i ther  T 1  or  T2  at  any  of  these  increments .  No s igni f icant
di f ferences  were  found at  depth increments  be low 70 cm.  (F igure  D-2) .

- 1

- 1

- 1
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Soil  bulk density  as  measured at  sample date T1,  T2 and T3.
Values left  of  data points  are least  s ignif icant differences (LSD)
at the 0.05 probabil ity  level .  Data points  without LSD values
were not  s ignif icantly  different.

FIGURE D-3

In  order  to  assess  compress ion,  core  lengths  and hole  depths  were  measured.  Table
D- 1  shows the  average measured whole  core  lengths  and the  average depth of  holes
created dur ing sampl ing.  Not ice  that  whole  core  lengths  were  approx imate ly  1  cm

Soi l  Bu lk  Dens i ty .  Analys is  of  var iance showed no s igni f icant  d i f ferences  in  mean bulk
dens i ty  for  the  sur face 30 cm.  At  30-40 cm,  T1  was  found to  have a  s igni f icant ly
lower  bulk  dens i ty  of  1 .35  g  cm   than e i ther  T2  or  T3  wi th  bulk  dens i t ies  of  1 .49  and
1 .50 g  cm  ,  respect ive ly .  F rom 40-60 cm,  no s igni f icant  d i f ferences  were  found.  At
60-70 cm,  the  bulk  dens i ty  of  T 1  was  again  s igni f icant ly  lower  at  1 .46  g  cm   compared
to the  T2  and T3  dates  which both had bulk  dens i t ies  of  1 .62  g  cm .  The bulk  dens i ty
of  T 1  was  s igni f icant ly  h igher  than the  remain ing sampl ing dates  in  the  70-80 cm
increment .  No s igni f icant  d i f ferences  were  found at  the  80-90 cm depth.  (F igure  D-3)

The d i f ferences  in  so i l  moisture  he lp  to  expla in  the  d i f ferences  found in  the  bulk
dens i t ies .  The T1  so i l  prof i le  was  general ly  dr ier  than the  T2  and T3  prof i les .  At
depths  where  s igni f icant ly  d i f ferent  bulk  dens i t ies  were  observed,  the  T1  so i l s  had
lower  bulk  dens i t ies  except  for  at  70-80 cm where  i t  had greater  bulk  dens i ty .  Th is  i s
contrary  to  the  hypothes is  that  shr inkage of  so i l s  upon dry ing would resu l t  in  an
increase in  bulk  dens i ty  in  these  so i l s  wi th  apparent  shr ink/swel l  capaci ty  as
indicated by  measured COLE values .  Recal l  that  the  bulk  dens i ty  as  measured by  the
c lod method does  increase wi th  decreas ing so i l  moisture  because the  indiv idual
c lods  shr ink  upon dry ing.  However ,  i t  appears  that  the  d i f ferences  in  bulk  dens i ty
found at  30-40 and 60-70 cm resu l ted f rom compress ion of  the  T2  and T3  cores .

- 3

- 3

- 3

- 3
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longer  than the  depth of  holes  for  T 1  and T2  and that  the  core  length was
approx imate ly  equal  to  hole  depth for  T3 .
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The date of  sample col lection,  the average measure whole
length of  soi l  cores extracted and the average depth of  holes
after  core extraction.

TABLE D-1

Recal l  that  dur ing the  sampl ing process  the  probe was pushed to  an approx imate
depth of  125  cm.  At  T 1  and T2  port ions  of  the  core  fe l l  out  of  the  probe tube before
the tube could  be l i f ted f rom the  hole .  Th is  d id  not  apparent ly  occur  at  T3 .
Therefore ,  i t  appears  that  the  sect ion of  so i l  fa l l ing back  down the  hole  d id  not  set
f i rmly  back  f rom where  i t  came,  which expla ins  the  fact  that ,  on average,  the  hole
depth i s  shal lower  than the  length of  core  for  T 1  and T2 .  Th is  i l lust rates  the  d i f f icu l ty
in  est imat ing smal l  amounts  of  compress ion by  measur ing core  length and hole
depth.  In  fact ,  when the  compress ion of  the  T2  and T3  cores  i s  ca lcu lated f rom the
average bulk  dens i ty  va lues  measured to  90 cm,  i t  i s  found that  equivalent  mass  of
so i l  in  T2  and T3  would be 0 .57  and 1 .27  cm shorter  than T1 ,  respect ive ly .  Wuest
(2009)  s tates  that  the  same so i l  sampled when bulk  dens i ty  i s  h igher  wi l l  remove
more so i l  than when the  so i l  has  a  lower  bulk  dens i ty .  In  other  words  i f  the  so i l  i s
measured to  spec i f ic  depth more  so i l  w i l l  be  removed.  However ,  i f  a  so i l  could  be
measured to  a  spec i f ic  mass ,  a  shorter  core  would be extracted.  The real i t ies  of  core
extract ion prevent  fu l l  explanat ion of  the  mechanisms by  which bulk  dens i t ies  var ied
between sampl ing t imes ;  however ,  the  data does  a l low for  an assessment  of  the
impact  of  th is  var iable  bulk  dens i ty  on carbon concentrat ion and carbon mass
measurements .

Carbon Concentrat ion.  Analys is  of  var iance found no s igni f icant  d i f ferences  in  tota l
C,  so i l  inorganic  C,  or  so i l  organic  C  between the  t reatments .  F igure  D-4  shows that
C concentrat ions  general ly  decreased wi th  depth and g iven the  short  exper imental
per iod,  one would not  expect  to  see  s igni f icant  d i f ferences  between the  sampl ing
dates .
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Organic  carbon concentrations as measured at  sample date T1,
T2 and T3.  Values left  of  data points  are least  s ignif icant
differences (LSD) at  the 0.05 probabil ity  level .  Data points
without LSD values were not  s ignif icantly  different.

FIGURE D-4

Organic  carbon mass in  each depth increment as measured at
sample dates T1,  T2 and T3.  Values left  of  data points  are least
signif icant differences (LSD) at  the 0.05 probabil ity  level .  Data
points  without LSD values were not  s ignif icantly  different.

FIGURE D-5

Carbon Stocks .  Analys is  of  var iance of  the  mean C stocks  in  each depth increment
showed that  at  30-40 cm the  C s tocks  in  the  T1  samples  were  1 1 .9  Mg C ha ,  which
was s igni f icant ly  lower  than the  12 .8  and 13 .3  Mg ha   found at  th is  depth in  T2  and T3
respect ive ly .  At  the  60-70 cm increment  the  T1  samples  contained 12 .6  Mg C ha ,
which was s igni f icant ly  lower  than 13 .9  Mg C ha   found in  T3  but  not  d i f ferent  f rom
the 13 .3  Mg C ha   found in  T2  (F igure  D-5) .  Despi te  these  s igni f icant  d i f ferences  found
at  each depth increment ,  no s igni f icant  d i f ferences  were  found in  the  cumulat ive  C
stocks  when calcu lated on a  f ixed depth bas is  (Table  D-2) .
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Calculat ing the  so i l  C  s tocks  on a  f ixed mass  bas is ,  Table  15  shows the  C s tocks
found in  a  range of  so i l  masses  corresponding to  depth increments  f rom 16-90 cm.
Here  again  there  were  no d i f ferences  among the  three  sampl ing dates .  However ,  the
absolute  d i f ferences  in  C  s tocks  when calcu lated us ing the  f ixed depth method
(Table  D-2)  are  greater  than the  absolute  d i f ferences  when C stocks  are  calcu lated
us ing the  f ixed mass  method (Table  D-3) .
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The cumulative carbon stocks as measured to each depth on a
fixed depth basis  for  each sample date (T1,  T2,  and T3)  and the
maximum difference among sampling dates.

TABLE D-2

The cumulative carbon stocks as measured in each increment of
soi l  mass on a f ixed mass basis  for  each sample date (T1,  T2,
and T3)  and the maximum difference among sampling dates.

TABLE D-3
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The f ixed mass  method removed error  assoc iated wi th  the  s igni f icant ly  d i f ferent  bulk
dens i t ies  found at  30-40 and 60-80 cm.  The remain ing var iabi l i ty  could  be due to
spat ia l  var iabi l i ty  or  analyt ica l  var iabi l i ty  in  the  C analys is .  In  fact ,  when the  f ixed
mass  method was used to  calcu late  C  s tocks ,  the  largest  d i f ference between sample
dates  was 2 .6% found in  the  sur face 5000 Mg of  so i l  (Table  D-3) .  In  contrast ,  when
the f ixed depth method was used,  the  maximum di f ference observed in  the  0- 10cm
depth was 9 .3% of  the  average C stock  found in  th is  depth.  The d i f ference observed
at  0-40 cm was 5 .5  % of  the  average C stock  (Table  D-2) .  Th is  analys is  i s  cons is tent
with  the  f indings  of  E l ler t  and Bettany ( 1995)  who stated that  use  of  the  f ixed mass
method e l iminates  sens i t iv i ty  to  bulk  dens i ty .
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Relationship between cumulative mass of  soi l  and sampling
depth,  data includes al l  sample dates.

FIGURE D-6

F igure  D-7  shows the  C mass  in  each depth increment  normal ized based on
equivalent  mass  of  so i l .  Not ice  that  s igni f icant  d i f ferences  found in  F igure  9  at  30-40
and 60-70 cm are  e l iminated when equivalent  mass  i s  used to  calcu late  C  s tocks
with in  each so i l  layer .  Th is  supports  the  f indings  of  prev ious  research (Gi f ford and
Roder ick ,  2003;  VandenBygaart  and Angers ,  2005)  that  smal l  d i f ferences  in  bulk
dens i ty  can change how much C mass  i s  reported.  I f  sc ient is ts  are  to  understand
global  c l imate  change,  then accurate  and standardized report ing of  so i l  C  s tocks  i s
essent ia l .  Current ly ,  the  Oklahoma Carbon Program est imates  C  sequestrat ion to  be
0.3  Mg C ha   yr   af ter  convers ion to  no-t i l l  in  Western  OK.  Th is  data demonstrates
that  the  magnitude of  er ror  that  can occur  when monitor ing C i s  qu i te  large
compared to  the  potent ia l  average annual  changes .  Us ing the  f ixed mass  method to
calcu late  C  can at  least  reduce var iabi l i ty  assoc iated wi th  changes  in  measured bulk
dens i t ies .

- 1 - 1
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Organic  carbon mass in  each estimated depth increment
(increments were created from relationship between cumulative
mass and soi l  depth in Figure D-6)  as  measured at  sample date
T1,  T2 and T3.  Data points  without LSD values were not
signif icantly  different  at  the 0.05 probabil ity  level .

FIGURE D-7

Therefore ,  i t  may be a  more  appropr iate  method than the  current  f ixed depth
method suggested by  the  IPCC,  part icu lar ly  for  moni tor ing C changes  over  t ime or
when data f rom di f ferent  sources  or  methods i s  to  be  compared.

Soi l  bu lk  dens i ty  d id  not  increase wi th  decreas ing so i l  moisture  as  was expected in
th is  h igh shr ink/swel l  so i l .  A l ternat ive ly ,  under  moist  so i l  condi t ions ,  d iscrete  depth
increments  were  suscept ib le  to  compact ion dur ing sampl ing,  presumably  because
internal  s t ructure  was compressed in  these  depth increments .  Th is  compact ion d id
resu l t  in  s ign i f icant  d i f ference in  so i l  C  s tocks  at  these  depth increments .  Because
there  were  only  two weeks  between sampl ing dates  in  th is  exper iment ,  these
changes  in  C  s tocks  must  be  att r ibuted to  error  imposed by  the  compress ion of  these
soi l  layers  whi le  moist .  The f ixed mass  method removed these  errors  and prov ided a
more prec ise  est imate  of  so i l  C  s tocks .

Methods of  analys is ,  whi le  general ly  s tandardized,  can st i l l  have a  huge impact  on
soi l  C  measurements .  The method tested here ,  the  f ixed mass  method,  as  proposed
by Gi f ford and Roder ick  (2003) ,  a l lows for  correct ion of  b iases  imposed by
di f ferences  in  sampl ing equipment  and sampl ing condi t ions  that  resu l t  in  d i f ferent
measured bulk  dens i t ies .  Th is  may a l low for  a  broader  bas is  for  compar isons  of  so i l
C  measurements  between s i tes ,  condi t ions ,  t imes ,  and researchers .

SUMMARY
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Zip lock  bags wi th  wet  so i l  are  weighed,  and a subsample  (~20 g)  i s  weighed into  a
weighing t in .  Th is  subsample  i s  dr ied at  1 10◦ C for  24  hours  and then weighed to
determined moisture  content .  The so i l  remain ing in  the  z ip lock  bag is  t ransferred to
a paper  bag and a l lowed to  dry  a  65◦ C for  24  hours  and then ground and s ieved
through a 2  mm s ieve .  Moisture  content  i s  used to  determine dry  so i l  mass  in  the
z ip lock  bag and further  to  determine bulk  dens i ty .  The s ieved so i l  i s  analyzed for
tota l  carbon us ing the  dry  combust ion method (Kalembasa and Jenk inson,  1973)  in  a
Leco CN analyzer  af ter  weighing 0 .2400-0.2500 g into  a  t in  fo i l  cup.  Inorganic
carbon is  determined us ing a  Pressure  Calc imeter  (Sherrod et  a l . ,  2002)  for  samples
with  pH greater  than 7 .2 .  So i l  pH was determined on a  1 : 1 ,  so i l :de ionized H2O mixture
after  a  30-minute  equi l ibrat ion per iod.  The organic  carbon concentrat ion (OCC)of
samples  i s  ca lcu lated as  the  d i f ference between the  tota l  carbon and inorganic
carbon.

Note :  The presence of  inorganic  carbon can cause var iabi l i ty  in  organic  carbon
concentrat ion to  increase.  In  fact ,  laboratory  analys is  of  samples  wi th  0  to  90% of
the  tota l  carbon as  inorganic  carbon showed that  the  coef f ic ient  of  var iat ion
increases  above 20% when the  inorganic  carbon is  greater  than 40% of  the  tota l
carbon (Appendix  C) .  Therefore ,  laboratory  repl icates  wi l l  be  requi red for  so i l s  in
which the  inorganic  carbon is  greater  than 40 % of  the  tota l  carbon in  order  to
reduce the  var iabi l i ty  in  organic  carbon analys is .
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APPENDIX E: SOIL SAMPLE ANALYSIS 

E.1 SOIL ANALYSIS

Tradi t ional ly  the  OCM in  a  uni t  area of  so i l s  i s  ca lcu lated us ing a  f ixed depth
approach.  Us ing th is  approach,  the  OCC is  mul t ip l ied by  the  bulk  dens i ty  (Bd)  and
div ided by  the  sample  depth:

E.2 CALCULATING ORGANIC CARBON MASS

However ,  measurements  of  bulk  dens i ty  are  h ighly  var iable  and can be in f luenced by
probe d iameter  (Appendix  B)  and so i l  moisture  (Appendix  D) .  Therefore ,  the  f ixed
mass  approach to  calcu lat ing OCM wi l l  be  used in  th is  protocol .  Th is  approach
decreases  error  assoc iated wi th  d i f ferences  in  bulk  dens i ty  measurements ,  thereby
reducing var iabi l i ty  in  OCM measurements  (Appendices  B  and D) .
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The so i l  mass  up to  12  inch depth for  each core  i s  ca lcu lated.  The min imum soi l  mass
among the  cores  co l lected dur ing the  method deve lopment  was se lected as  the  f ixed
mass  which was ~91 18  Mg acre   th is  i s  equal  to  a  bulk  dens i ty  of  1 .23  g  cm   in  the
sur face 12  inches  of  so i l .  The so i l  mass  of  0-8  inch depth of  every  core  i s  subtracted
from th is  f ixed mass .  The resu l t ing mass  of  so i l s  i s  mul t ip l ied by  the  concentrat ion of
carbon found in  the  8- 12  segment  of  the  core .  Th is  va lue  i s  then added to  the  mass  of
carbon in  the  0-4  and 4-8  inch depths ,  which i s  s imply  calcu lated by  mult ip ly ing the
mass  in  each depth by  the  OCC found in  each depth.

Note :  The f ixed mass  of  so i l  was  set  equal  to  the  min imum soi l  mass  among the  cores
col lected dur ing the  method deve lopment  because th is  a l lows a l l  cores  to  be
inc luded in  the  analys is  whi le  maximiz ing the  f ixed mass  value.  Th is  mass  may
change as  an increas ing number  of  cores  are  added to  the  database.  For  example ,  i f
a  core  wi th  a  bulk  dens i ty  less  than the  l ightest  so i l  current ly  in  the  database i s
co l lected,  i t s  mass  per  un i t  area wi l l  then be used as  the  f ixed mass .

- 1 - 3

The f ixed mass  approach to  calcu lat ing OCM was adopted f rom Gi f ford and
Roder ick  (2003) .  Spec i f ica l ly ,  the  tota l  length of  the  core  was represented by  Z   and
the sur face subsect ion i s  represented by  Z   wi th  the  cumulat ive  dry  so i l  masses  to  the
respect ive  depths  denoted by  m (z  )  and m (z  )  and the  cumulat ive  mass  of  so i l  C ,      
c   (z  )  and c  (z  ) .  The target  or  “ f ixed”  cumulat ive  mass  of  dry  so i l  i s  denoted by  m  ( t )
and the  corresponding cumulat ive  mass  of  so i l  C  that  we are  look ing for  i s  denoted
as c   ( t ) .  Through l inear  interpolat ion,  the  resu l t ing equat ion i s  

b

a

s b s

s b a

a

s s

s
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ABBREVIATIONS

OCM,  the  organic  carbon mass  in  a  uni t  area of  so i l  to  a  spec i f ic  f ixed depth or  f ixed
mass  of  so i l

OCC,  the  concentrat ion or  organic  carbon in  a  so i l
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APPENDIX F: SOIL SAMPLE COLLECTION FORM
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