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SCIENCE ADVANCES | RESEARCH ARTICLE

ECOLOGY

Carbon neutral expansion of oil palm plantations
in the Neotropics

Juan Carlos Quezada'?*, Andres Etter®, Jaboury Ghazoul***,

Alexandre Buttler'"2”, Thomas Guillaume'2

Alternatives to ecologically devastating deforestation land use change trajectories are needed to reduce the carbon
footprint of oil palm (OP) plantations in the tropics. Although various land use change options have been proposed,
so far, there are no empirical data on their long-term ecosystem carbon pools effects. Our results demonstrate that
pasture-to-OP conversion in savanna regions does not change ecosystem carbon storage, after 56 years in Colombia.
Compared to rainforest conversion, this alternative land use change reduces net ecosystem carbon losses by 99.7 +
9.6%. Soil organic carbon (SOC) decreased until 36 years after conversion, due to a fast decomposition of pasture-
derived carbon, counterbalancing the carbon gains in OP biomass. The recovery of topsoil carbon content, suggests
that SOC stocks might partly recover during a third plantation cycle. Hence, greater OP sustainability can be achieved
if its expansion is oriented toward pasture land.

Received: 5 December 2018 | Revised: 20 May 2019 | Accepted: 22 May 2019
DOI: 10.1002/1dr.3380
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Drivers of soil carbon stabilization in oil palm plantations
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& Global Change Biology

RESEARCH ARTICLE

Deforestation-free land-use change and organic
matter-centered management improve the C footprint
of oil palm expansion

Juan Carlos Quezada'® | Thomas Guillaume®? | Christopher Poeplau®*® |
Jaboury Ghazoul*>® | Alexandre Buttler’®

Geosci. Model Dev., 14, 38793898, 2021
htips://doi.org/10.5194/gmd-14-3879-2021

© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

Geoscientific
Model Development

Partitioning soil organic carbon into its centennially stable and
active fractions with machine-learning models based on
Rock-Eval® thermal analysis (PARTYsocv2.0 and
PARTYsocVZ.OEu)

Lauric Ce’(‘i]lon"l, Francois Baudi]l3, Claire Cheml“, Bent T. Christensen’, Uwe Franko®, Sabine Houut‘l,
Eva Kanari’>, Thomas Kiitterer’, Ines Merbach®, Folkert van Oort*, Christopher Poeplau®,
Juan Carlos Quezadam-”"z, Florence Sm’ignac]. Laure N. Sml(:émaria]ladin”, and Pierre Barré®
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Principales preguntas

Qué pasa con el C a lo largo del ciclo/ciclos del cultivo de palma?
Como es la dinamica de nutrientes?

Como se comporta la actividad biologica del suelo?

%}edepalmaéo ‘ %cenipalma
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Key/take home messages

Muy poca evidencia empirica sobre la expansion de la palma en zonas de sabanas y pasturas en zonas de sabana

Mucho menor informacion en cuanto a la huella de C por |a conversidon de sabanas y pasturas en plantaciones de palma

Desconocimineto de aspectos fundamentales de la dindmica de Cy nutrientes durante ciclos enteros de de produccion

La conversion de sabana en palma deja una huella positiva de C a nivel del ecosistema lo largo del 1 ciclo del cultivo

La dindmica del C en el ecosistema palmero a través de un ciclo de produccidon es mediada por el manejo agrondmico

Plantaciones derivadas de pasturas (indirectamente de sabanas) tienen un balance neutro de C (balance de C no se afecta
por conversion a palma) a nivel del ecosistema a lo largo de dos ciclos de cultivo

La fertilidad quimica del suelo aumenté durante el tiempo de cultivo y aun no se acerca al equilibrio

Mayor estabilizacion de C y mayor actividad microbiolégica del suelo en zonas de palera y plato

La dinamica del C en el suelo a largo plazo (dos ciclos) se compone de dos tendencias diferentes. Primero se da una fuerte

pérdida de las stocks/cantidades de C y luego se estabiliza.

Gfedepalmaéo ‘ %cenipalma
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Activar la biologia del suelo con capacidad de secuestro de C

Soil Microbes

| ';I'I'VIicrobiaI
Residues
Soil Organic (_/
Carbon O/OQ
A
ﬁedepalmaéo ‘ %cenipalma
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Global scale

~10 % lost in the
last 150 yrs.

&

Atmosphere:
760 Gt of C

Top meter soil C:

~2000 Gt C
Tropical forest:

428 Gt of C (soil
& vegetation)

Anthropogenic perturbations ->
Land use Change ->
Disturb the C cycle ->
global C balance

Vegetation:
560 Gt of C

Gfedepalmaé,Q ‘ %cenipalma

Juan Carlos Quezada, September 2022.
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Deforestation scenario for OP in SE Asia

* One of the highest world’s deforestation rates 0.84 Mha yr*!

* Indonesia produces ~50% of global palm oil, together with Malaysia ~80%
* Since 2000, 70% of OP expansion on forests, peatlands, agroforest

e 4th highest GHG emission rate

Margono B. et al., 2014. NCC

ﬁedepalmaéo ‘ %cenipalma

Juan Carlos Quezada, September 2022.
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Deforestation scenario for OP in SE Asia

Ecosystem C stocks: /

173 Mg C ha'l
634 Mg CO2 ha'

OP Time-

Tropical averaged C
stocks
rainforest
~300 Mg C ha-? 110%0 170
Mg C ha't

~60% reduction

Alternatives to deforestation?

ﬁedepalmaé,o ‘ @Gcenipalma

GuillaumeT. et al., 2016. Nat. Comm.

Juan Carlos Quezada, September 2022.
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Converting ecosystems with low biomass?

Biomass C stocks:

Savanna
biomass ] ]
stocks 5-20 times increase
~2.5MgC in biomass
hal
Deforestation-free - OP Time-
Alternatives . “\W Iﬁ averaged
\ 4 o O biomass C

stocks
Pasture ~50 Mg C ha'!
stocks
~10 Mg C

hatl

Braz S. et al., 2013. Soil Sci. Soc. Ame.

ﬁedepalmaéo ‘ %cenipalma

Juan Carlos Quezada, September 2022.
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Converting ecosystems with low biomass? _ _
“Los Llanos” Orientales (Eastern Colombia)

~40% of OP cultivated area

~22 million ha (5 time the Swiss territory)
Savanna ecosystem (dominated by C4 grasses)
Main land use: Extensive cattle ranching
Expansion predicted to continue

2.5 million ha of degraded pasture areas

P ——————— s ———

Colombia

R —— %

e OP area: ~450,000 ha

Minimal deforestation cost

CastlblancoC et al., 2013. Environ. Sci. PoI|

gfedepalmaég ‘ %cenipalma

Juan Carlos Quezada, September 2022.
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Converting ecosystems with low biomass?

b Evident increase of biomass C

Few studies on pastures/grasslands conversion into OP
No empirical data on the soil C pool
SOC dynamic aspects like decomposition and accumulation

%}edepalmaéo ‘ @Gcenipalma

Juan Carlos Quezada, September 2022.
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Overall Objective

Assess quantitatively, with field-based measurements, the impacts of
deforestation-free alternatives on soil biogeochemical properties and
ecosystem C storage for a more sustainable expansion of OP agriculture in
the tropics.

gfedepalmaé,o ‘ %cenipalma

Juan Carlos Quezada, September 2022.
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Savannas
(high endemic biodiversity &

low biomass C)

/

Sown Pasture

Extensive grazing

Annual crops

4 H %

Qil Palm plantations ‘

ﬁedepalmaéo ‘ %cenipalma
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EASTERN PLAINS OF COLOMBIA “LOS LLANOS”

VENEZUELA

[ Ind. reserves

Bl National park
Pastures and plantations Rolling highplain savannas[_] Alluvial overflow plain savannas

Terrace savannas Sandy savannas I Acolian overflow plan savannas
[ ] Flat highplain savannas| [ ] Dune savannas I Forest

Main land use: extensive cattle ranching with almost no management an few external inputs

gﬁdepalmaéQ ‘ %cenipalma
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VISITS TO FARMS

Plantation name Soil Type Land-use History* OP plantation age range (yrs)  Plant material™ Management™*
Palmasal Well-drained Inceptisols S-—=P-=0P 0-30 Hand G CC, compost
Manapure Well-drained Inceptisals S—=R-—=0P 0-30 Hand G CC
La Cabana Well-drained Inceptisols S —>P — OP 1st—0P 2nd 310 57 Hand G CC, compost, raw residues
La Cabana Medium-drained shallow Inceptisols S-—=P = 0P 1st—=0P 2nd 3to 57 Hand G CC, compost, raw residues
La Cabana Shallow Gleysols S-—=P_—-=0P 1st—=0P 2nd 3to 57 Hand G CC, compost, raw residues
Campo Alegre Gleysals S-=>R-=0P 41012 Hand G CC
Palmera Santana Gleysols S—=R--=0P 410 28 G CC, weeded circle no bare soil
La Vigia Gleysols S_=P_>0P 5to8 Hand G CC, reduced use of chemicals
Sillatava, Ocarraba, Samani Oxisols (+ plinthite) S—=0P 2109 G Implementing CC
Sapuga Oxisols S—=0P 710 30 G No CC
Sapuga Oxisols S-—>P-—=>0P 710 30 G No CC

*S: Savanna, P: Pasture, OP: Oil palm, R: Rice
**H: Hybri, G: Guinensis
*CC: Cover crops

;: Colombia

VENEZUELA

- National pﬂrk
%) Pastures and plantations - Rolling highplain savannas[T7] Alluvial overflow plain savannas

@ Terrace savannas -] Sandy savannas I Aeolian overflow plan savannas

[ ] Flat highplain savannas [ ] Dune savannas - Forest

Gfedepalmaé,Q ‘ %cenipalma
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SELECTED RESEARCH SITES

YENEZUELA

Colombia \

wato Carrefio

N
%
0 50 100
[ Ind. reserves

B Mational park

7777 Pastures and plantations Rolling highplain savannas[7] Alluvial overflow plain savannas
F&5d Terrace savannas Sandy savannas B Acolian overflow plan savannas

[ ] Flat highplain savannas| [___| Dune savannas B Forest




Methods

Chronosequence Approach

A Few General Research Questions/Hypotheses

Ecosystem/soil C stocks

Soil chemical fertility

C4-decomposition

22

Juan Carlos Quezada, September 2022.



Natural 13C abundance

613C signature:"'-14 %o

Methods

* Vegetation change (C4 to C3) _
* Natural 13C-labelling a
In-situ estimations of SOC turnover .
Clock for C4 decomposition and C3 §
stabilization rates %
Only a handful of studies have used |8
the natural abundance 6§3C
approach

A83C signature: ~14 %o

Juan Carlos Quezada, September 2022.
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Themes

| S—

Management
Mechanistic understanding

of soil C cycling (microbial
C4-C3 changes activity)

—

Soil C and _—
Nutrients
dynamics

=  Ecosystem C dynamics
Biomass C dynamics

—

One-cycle Chronosequence ‘ Theme 1
&

Long-term Chronosequence‘ Theme 2

%}edepalmaéo ‘ %cenipalma

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics

One full rotation cycle (27 years)/ Effect of Management Practices
One cycle Chronosequence

- *

Savanna OP cultivation
time

High-plains
Mechanisms C accumulation
and
decomposition

Gfedepalmaégi\ﬁ W'V

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics

Drivers of SOC stabilization by management Hypotheses

i W>EF>IR>H

Savanna C4 decomposition rate

K

> 1]
ap——h K 5 | slope =rate
: A ‘g
- '5; o
: et oil palm C3 stabilization rate
Plantation age
F>W>H>IZ

* 2,4 and 9 year-old plantation, 5 palms
e Path analysis -> Direct and indirect effects of fine roots, microbial activity and

nutrient application on OP-derived C accumulation

Nz Fi v (Cinout
ﬁeuenalmaég‘%cenipalma ine roots (C inputs)

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics
Drivers of SOC stabilization by management

e e 0-10cm 10-20 cm 20 - 30 cm
Major Findings — _ ]
“-'E 155 ¢ AB A BC 15 1.5
A A A A

3’ a a b
— savanna mean +/- SE » 1.0 1.0- 101 A A A A
m C3-derived SOC S
m C4-derived SOC S

»n 0.5 05+ 5
F: Frond pile 8
W: Weeded Circle (7] | ] |
IZ: Interzone 0.0 . . . , 0.0 _
H: Harvest Path FIH 1Z|W |Z W IZ W

Savanna C4 decomposition rate W>F>I1Z>H

K

slope =rate

C stocks

No Priming Effect

et oil palm C3 stabilization rate

%}edepalmaé,o ‘ %cenipalm - Plantation age

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics

Drivers of SOC stabilization by management

.Basal respiration F: Frond pile
Metaboli tient .
Major Findings o 1.0 B Metabolic quotien W: Weeded Circle
— M|crob|al biomass C
Q — IZ: Interzone
B < Microbial biomass C:N :
£ T H: Harvest Path
E -—
c O 05
o 2
® &
5. ]
O
52 oot+H
g5 |||
o
.“6)
-05 T
A AAB AABC BB A A ABB A AB

H 1Z F W

- Active but inefficient microorganisms with low CN ratio +

Metabolic Quotient

K strategists (H, 12) r strategists (F and W)

ﬁedepalmaé,o ‘ @Gcenipalma

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics

Drivers of SOC stabilization by management 1 T 0.70ww | o

Major Findings

SOC stabilization is driven by
soil C input

.. ;- | :
; = — “ L/
S - ) Soil
Soil Cinputs . ]
microorganisms
=]
Cascading impact 0.50

R2:
i i SOC
nutrients -> root growth -> C inputs SOC

.

Px2 =0.33, RMSEA =0.09, TLI =0.97, CFI = 0.99
Will these findings hold in time as OP-cultivation continues?

gfedepalmaé,o ‘ %cenipalma

Juan Carlos Quezada, September 2022.



One-Cycle C Dynamics

Ecosystem C dynamics in Oil Palm on Savanna mediated by Management

Hypotheses

F: Frond pile

W: Weeded Circle
IZ: Interzone

H: Harvest Path

Frond Pile (F)
‘ Weeded circle (W)

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics

Ecosystem C dynamics in Oil Palm on Savanna mediated by Management

Major Findings
250
mmSOC stocks
mmBGB ABG=2.2x"" BGB=0.63x"
EmAGB R%= 0.92 R%=0.99

—Time-averaged savanna TEC
—Time-averaged OP TEC

N
o
o

Positive Ecosystem C balance
40.1 Mg C ha!

150

100

50

Ecosystem C stock components (Mg C ha'')

SOC stocks unchanged

0 8 12 23 27
Time after savanna conversion (years)

gfedepalmaé,o ‘ %cenipalma

Juan Carlos Quezada, September 2022.
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Ecosystem C dynamics in Oil Palm on Savanna mediated by Management

Major Findings

One-Cycle C Dynamics

F: Frond pile

W: Weeded Circle
IZ: Interzone

H: Harvest Path

Gfedepalmaé,Q ‘ %cenipalma

2x and 3x more OP-C in input areas Fand W

3 § —F-v1.9 Mg C ha‘l year‘l (F and W) o B Savanna-derived C B OP-derived C
e I ¥R o 2RR., LR
o - R R AR N~ oSS R 00O m N WO L 00 N
o< o0 = = M~ w [a I B I N <t el
4 81
&'TE %08
gug 2
ST 206
23% OP-C
o | S04
wn P
v
3 0.2
o
O_ T T T T T T T O U
p p o 15 30 55 30 FWIZH  FWIZH  FWIZH  FWIZH
Time after savanna conversion (years) 8 12 23 27
Management type/time after savanna conversion (years)
b} - - d
~2 Mg Chalyear!(Fand W) ¢
g ~0.7MgChatyear*(handiZ) s |
g o
Q O
5 o9
= Q ©
E :’no E _5
$ET t w7
i © =
% g 7 % L
>
A
o o |
T
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time after savanna conversion (years) Time after savanna conversion (years)

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics
Ecosystem C dynamics in Oil Palm on Savanna mediated by Management

g

7 OP12-W,

o ’ \
- ] ol P High fertilfzer inputs. _____ :
/ _ 4 |

i

g

after savanna "' PH 7 BD i OP23-1Z |
; _ : )

Samm=—"

RDA2 (22.7%)
0

'MBN 1 ppOP8-IZ
[ ™

T}
? 7] -““"a""(';“?xcef\frg'rtrcﬁ“ Pﬁ;s-pTﬂ-a-t;s-El--
=0P27_ Mic. respOPlz MBC OP3-F :
g - ) g DOC ]
- l '
! Large re5|due inputs :
:’. _ I : I
i boeooo OPRIF 5 :
I [ | I I I [
-3 -2 -1 0 1 2 3

RDA1 (32.8%)

Management ~5 time > importance (44%) to explain variation in soil biogeochemical
properties than LUC (9%)

ﬁedepalmaé,o ‘ @Gcenipalma

Juan Carlos Quezada, September 2022.



One-Cycle C Dynamics

Ecosystem C dynamics in Oil Palm on Savanna
mediated by Management

Take Home Messages

Ecosystem

Savanna

Soil microbial activity

Juan Carlos Quezada, September 2022.
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One-Cycle C Dynamics
Theme 1, Major Findings

o

Nutrient
application

Soil Cinputs — : :
microorganisms
R2: | R%:0.71 R%: 0.46
0.50

stabil o .—7‘\ 7t
= E - 27-years
4

C
ization

Ecologically oriented management > organic inputs ---> greater microbial activity

NZ ---> enhance soil fertility
éfedepalmaéo ‘ %cenipalma

Juan Carlos Quezada, September 2022.



Long-term C dynamics
Methods

> Half century OP cultivation (56 years)/Long-term chronosequence

Plantation Renovation
@ ~30 years

) e -

Pasture

0-10cm
thdlan 10-20cm
Piedmont -
20-30cm
30-50cm
Juan Carlos Quezada, September 2022. Nelson P. et al., 2015. Plant and Soil
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Long-term C dynamics

Ecosystem C dynamics in Oil Palm on Pasture

Plantation
renovation

Hypotheses
Land Use Change

Do)« e N/ "
v, R U,

Time since pasture conversion (years) 12 32 45 56

18 30
3 sites Non- L 3 J Non- L .3 J
replicated replicates replicated replicates

— ————
— ——

-
ﬁedepalmaé@ ‘ %cenipalma Soil chemical fertility
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Ecosystem C dynamics in Oil Palm on Pasture

Long-term C dynamics

150
|

New Equilibrium:
62.6 Mg C ha!

100
I

Major Findings

-----------

C stocks (Mg C ha™)

50

Breakpoint:
36 years
o _]
I I I I I I
0 10 20 30 40 50 60
NG Time after pasture conversion (years)
ﬁedepalmaé,Q ‘ %cenipalma

Juan Carlos Quezada, September 2022.



Long-term C dynamics

Ecosystem C dynamics in Oil Palm on Pasture

Major Findings
Topsoil (0-10 cm)

C4 & C3 stocks (Mg C ha™)

C4 & C3 stocks (Mg C ha™)

20 30 40 50

10

O -

Subsoil (30-50cm) 3.

20 30 40

10

0

Pasture-derived C —a— ,I_“g
OP-Derived C ——] &
1A EEN
R -
7P o8 8
2o @8
o
2‘_
w
A OD T 1 Ll T T T
0 10 20 30 40 5060
Time after pasture conversion (years)
L%
—_—
'I'Iﬂ
=
(&}
2® _@ o® -
$o d
=]
gc

T T T T T 1
0 10 20 30 40 50 60
Time after pasture conversion (years)

A

0 10 20 30 40 50 60

Time after pasture conversion (years)
Juan Carlos Quezada, September 2022.

77% of pasture derived C loss

Pasture —derived C

OP-derived C

C loss rate: 0.25 Mg C ha! yr!

Quezada et al., 2019. Sci. Adv.
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Ecosystem C dynamics in Oil Palm on Pasture

Major Findings

<t

C content (%)

1

3

2

a)

oo O

Q

R*=0.75
Breakpoint=41.1+2.7
Slope 1 =-0.03%**
Slope 2 = 0.07***

O

(O]
@]

@0

o @

200 30 40

50

60

2.54

BDx e 30yrs
30yrse

Bgyrs

45yrs.
45yrs®

Crecovery
&
Nutrient enhancement

N Pasture

Pasture ® 5

18yrs Pasture
| |

Na pp™N

Juan Carlos Quezada, September 2022.

Quezada et al., 2019. Sci. Adv.
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Long-term C dynamics Ecosystem C dynamics in Oil Palm on Pasture
180 ',
160
Major Findings Neutral ecosystem C balance
140
o Pasture
<120 -
g ot
£ 100 -
9
o 80 --@-- Dynamic TEC OP
& 0 . ¢ Time-average pasture TEC
2. —®— Time-average OP TEC
8 -
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Long-term C dynamics

Ecosystem C dynamics in Oil Palm on Pasture
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Conclusions
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