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Socio-ecological system models for supporting
farm resilience: research needs, gaps and
promising approaches

Quong Bro Le is o Senior Scientist on Agriculturs!
Livalhood Systams for the CGIAR Rezearch
Program on Drylond Systams, storting in Jonuory
Z2015. He eorned his engineer degree in Forestry
Jrom Hue Unhwrsity (Vietnom) ond Mater degree
in snvironmantol scance from Chiong Moi
Univarzity (Thodlond). Hae received o PAD in
geogrophy, ecology ond noturc] resources
mencgement from the University of Bonn where
he continued his pasrdoctorel reseorch for the
next throe yeers. Dr. le worked o5 senior
rezeorcher ot Swiss Federol Institute of
Technology (ETH) Zurich until 2014,

For yeors his reseorch hos focused on the
doevelopment ond opplkoton of humon-
environment system mathodologies - ronging
from fromeworks to indicotors ond models (a.g.
multkogent system, cellulor gutomata, system
dynemics ond bic-economic models) = with on
gim to wnderstond ond support sustoinoble
transitions of lond we systems. He hes
conducted reseorch inte the analyss af edapiive
lond-use decxions of vorous types of humen
octors in coupling with ecologico! processes fe.g.
soilfworer redistribution, nutrient cyches, biomoss
productivityl end the feedbocks of long-term
trands in land degrodstion or improvemaent inte
ATTU RSOy ralotionships raguloting
Ivelihood-londscope wronsitions. Dr. Le is serving
on the editors! boords of three refereed journcls.
He tought reguler ond invited groducte courses
on integroted lond use system onolyss ond
modeling, ond hos supérvised the dssertotions of
sevorn! groducte students from Afrco. Asia,
Europe ond Lotin Americo.

By Quang Bao Le

CGIAR Research Program on Dyland Systems c/o International
Center for Agricultural Research in Dry Areas (ICARDA)

It is important to increase the resilience of food production systems in
the face of a changing dimate, land scarcity, and changing demographics
and market conditions. As farm resilience is a high-level system property
emerged from sodal-ecological interactions, its direct measurement is
difficult because it requires measuring the thresholds or boundaries that
separate alternate stability regimes of the farm system. However,
systems' modeling for supporting agricultural resilience is still in an early
stage. Through critical review of state-of-the art literature, we
highlighted the new requirements of agricultural system modeling as
they apply to management for farm resilience, limitations of
contemporary agricultural systems modeling approaches, and promising
directions for future research on the field. We conceptualized criteria
for evaluating models’ suitability for farm resilience studies. Multi-agent
systems (MAS) modeling has appeared as a promising approach for
understanding farming resilience that results from rich interactions and
feedback among adaptive dedsion-making and natural processes (e.g.
energy, mineral nutrient and water flows). Using the above-mentioned
criteria we also analyzed the current limitations of this model family and
elaborate possible future developments as subjects of follow-up studies.
I will show progresses of our on-going projects on agrarian landscape
transitions using hybrid MAS modeling. At the end, | introduce a CGIAR
working group on Integrated Systems Analysis and Modeling (iSAMG), in
which our work embedded, to support building agricultural livelihood
security indryland at scale.

Keywords: farming system model, resilience, meta analysis, nutrient
management, multi-agent system

Artwork by Ann Nee, DBS, NUS
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Socio-ecological System Models for Supporting
Farm Resilience: Research Needs, Gaps and
Promising Approaches

Quang Bao Le
Agricultural Livelihood Systems
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Main points

= Agricultural landscape resilience (ALR) and research
challenges

= Criteria for an ideal model for ALR
= Review of contemporary modeling methods

= Multi-agent system (MAS) modeling for ALR: prospects,
current limitations, on-going progresses

= CGIAR Research Program on Dryland Systems: integrated
Systems Analysis and Modelling Group (iISAMG)
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Agrarian landscape transitions

= Managing landscape transition

towards sustainability requires A A
understanding and anticipating Mitigatio, Recovering
landscape transitions vs. : cost
scenarios of drivers - 17
0 S S
Q5 =
O =
o
N 58 >
= Landscape transition - § S
= o
> System-level change across thresholds 7 ,_g
of stability domain o 5 N
L S N
> Not take place in a vacuum, but is =~

generated from multi-scale adaptations Stage of land degradation

Source: Le (2012) 15t Global Soil Week;
illustrative pictures from Elliott et al. (2008)
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Understanding agrarian landscape transition:
Human-environmental system perspectlve

Synthesis from Reynolds et al. (2007), Scholz (2011) and
many others:

= |andscape sustainability involves the dynamics of
coupled human-environmental system (HES)

= Crossing threshold of “slow/controlling” variables N7 créﬂ&
triggers shifts in system’s stability domain ‘)h / w n 1h

it o L i
> Environment: soil fertility, crop-soil-animal subsidiary linkages /ﬂgaﬁq*f g %xf‘ '4‘? = ﬂ

HETE b

» Human: social, human, financial assets )
_ _ _ Vegetation Soils
= Feedback loops across nested hierarchies are crucial
for system vulnerability or resilience X\
- O
Carbon ¢o®
: : nutrie (\fo &
= Behavior of human actors is the key wa* 6\?}‘
» Control (intentional/unintentional) feedback loops 0 ‘9
» Learning, co-operating to cope with contextual changes better ,o{\ro
. N . <
= Combined local and scientific knowledge base is key \3\0
to manage desirable co-adaptation of HES. _ _
Animals/Livestocks
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Agrarian landscape resilience as desirable
outcome

= Desirable persistence/buffering capacity: self-regulating capacity to
assimilate perturbations without altering system's structure and function

= Adaptation: self-organizing capacity to accommodate shocks or stresses,
thereby maintain system's stability regime.

= Transformability: capability to implement radical system innovations to
transit to a new, better stability regime.

= Social equity: in both landscape services' benefit and restoration/protection
responsibility
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Problems and methodological requirements

Problem Method requirement

= Complex human-environment " |nterdisciplinary approach
interactions

= Uncertainties = Uncertainty management

= Externalities and trade-offs

- vs. time = | ong-term perspective

- VS. space =" Micro-macro links

- VS. social group = Stakeholder participation

- vs. goal = Distributed outputs vs. space,

time, and actor groups
= Multi-dimensional outputs



Problems and methodological requirements

(continued)

Problem

= Flexible (not fixed) feedback loops
genetated by actors’ decisions

= Actors’ decisions changable along
learning

= Heterogeneity as important source
of buffering, adaptive capacities

= Framing drivers

Method requirement

Actors' behavior explained

= Relevant learning process
captured

= Within- and between- farm
heterogeneities represented

= Sensitive to key drivers
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Major types of integrated modelling considered

Material flow analysis (MFA) models

System dynamics (SD) models

Bayesian belief network (BBN) models

Bio-economic models

Coupled component models

Agent-based/multi-agent system model (ABM/MAS)

Detailed model definition with comparative senses can be found in Boulanger & Brechet (2005),
Heckbert et al. (2010), Kelly et al. (2013)
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Difference of some integrated models in the treatment of
feedback, interaction and autonomy

Statistical model
Equation-based model
Bayesian network
System dynamics
Evolutionary model
Cellular automata
Agent-based model

INU Dynamic feedback?
Statistical model
Equation-based model N
Bayesian network l

System dynamics

Source: modified from Heckbert et al. (2010). | Cellularautomata Agent-based model




Table 1. Comparative assessment of contemporary farming svstem modeling approach with
respect to criteria for farm resilient research. Wote: publications in parentheses are as relevant

Jexamples).
Criteria Chatpuat- Swstemn Bawvesian Bio- Coupled Miulti-a gent
(svnthezized from input dynamiics MNetwork SCOoIlorTic COITporiert svsterm models
andl e nutrient models models models models 2 (Le et
Page (20047, balance (Shepherd | (Poppenborg | (Witcover | (WNUAMNCES® | of 2008a; Le &f
Boulangsr and models and Sole, and ef al_ Giller ef «i_, afl  2010b; Le ef
Brechet (2003, Ity (19987; Koellner, {(Witcowver | (20117, IATS | o, 2012k, hWiP-
Eellyy ef al (20137, model {(Den | Sendzipuarx 2013 ef ali_, (Mlacleoder 2
Cabell and Qelofze | Boscheral, et 200670 axl. | 2007, (Schreinemachers
{20120 1998a; Den adf (2011 SEAMNMIESS and Berger,
Bosch erf ai_, {(Wan 201170
1998k Ittersimm et
al_, 2008) /\
Interdisciplinary o strong medinmn weal f weak S / strong  \
Long-term no strong no weak stromng / strong \
perspective
Tncertaimty no wealk strong o no/weak 1 \
IMAanagernert
Local-global no o o weak strong
perspective
Participaton weak strong strong wreak unclear
mediation
hlulti-scale o o o o unclear
feedback loops
Actors’behawior o wealk strong mediirmn o
Socialleaming and no no - weak o o o
adaptaton
Farm heterogenesty strong o o wreak strong
Multi-dirnensional strong strong 1o mediurr strong
outputs
Distrbuted cutputs no o o no no
Driver sensitive
- Biophwsical weak wealk weak weak strong
- Econorric mediurm urnclear medirm strong med.-strong
- Social no unclear stromng no - weak no
2 NUTMON = NLITrient MOMNitonng
P NUANCES = Nutrient Use in Animal and Cropping systems — Efficiencies and Scales
£ TAT = Integrated Amnalvsis Tool
4 LUDAS = Land Use DhnAmics Simulator S ‘Le et al. (i .. t q
2 MNP-MAS = Mathematic Programming - hulti-Agent Svstem ource. Le et al. (In-l’eVISIOH owar
f rather multi-disciplinary, e g disciplines stand side-by-side resubmission)

with some, rather all, BRIAS models, e g LUDAS model




Land-Use Dynamic Simulator (LUDAS): A multi-

agent system framework

[Changes in external drivers modify the human-
environment relationship, thus affecting system performanc

|

Gousehold agent

_ Indicator of Indicator of
Integrates: performance performance
- personal | |
e environmental \

. Interventions
® pOIICy as policy levers

information in land/water-
se decisions

*
nformation inter-flows between households and their

~

Landscape agent
hosts dynamic
natural processes
responding to local
conditions and land-
use activities /

I
[surrounding, land tenure relations, and land-use activities
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LUDAS framework for modeling coupled agrarian
landscape-community level

—— Environmental and“""_“;“_‘ --------------- ]|——- Levelsn+1, n+2:
|r Developmental Context ) Larger H-E
Secondary Secondary systems provide
feedbacks feedbacks context
I |
| | !
T 1----Leveln:
- 4 ‘ N ~ ALSascoupled
" Farmi-r:g " e Farming H-E System
ommuni : Landscape (E)
(Different households) Interactions (Different farms)
Perceptions = ---{t--- Levelsn-1, n-2:
Accessed/owned Benefits Farm structure, explanatory
livelihood assets, \ natural resources insights
social roles/relations Resources tenure
T ¢ (bundle of rights over T ¢
resources)
Interactive/adaptive Agro-ecological
decision-making \ Land / functions
uses,
- practces
N S
T— co-evolution and co-adaptation —T




Cross-scale, generative feedback loops in LUDAS

[ Household agenh

= Household variables

!

—p Decision-making

models

(constraints/opportunities)

Catchment/Community dynamics

a

Feedback Temporal accumulation

Spatial aggregation

A 4

Social group/Neighbourhood dynamics

A
Feedback Temporal accumulation
(constraints/opportunities) Spatial aggregation

«—-

Tenure relationships
Land-use activities

Investment - benefit

|——*

( Landscape agent\

A 4

Agent dynamics

Ecological variables

!

Ecological models

D

19.2.2014 13

" J
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An Operational Tool for Decision-Making in Sustainable
Land/Water Management

= User-friendly interface
allows and stimulates
stakeholder participation

- Set policy/management
options

- Follow the future
development of socio-

showallageteray |

o biklze s 13 seane) S

‘*F-. e Fruihzclivn 71

- Showw aolding polris ccoo 2wl i iy aat a0
Corvor oz S the in g a=c cowve” bpes Fess Mz zofac fratazd dond oo Slshurbed) 2¢5) oo o culll v vt s Fen: rvera)z Srochure of Fouszecld e ne Fenz
. . . e - [ ptanc 1o 2 Te
ecological indicators on screen =
(Y | NP
Mt
Mot--e

= Simulation outputs (MaPs anNd | e wififuly 7 oS e e
graphs) are convertible to = ; | B
standard GIS and spreadsheet
formats for other usages ==L |

Eapaul i wieai: = o Elapau L 1w ) A O Elad - T an

LUDAS's interface for Hong Ha catchment, central Vietham

(see GUI of VN-LUDAS)
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Context-based specifications and applications of
the modeling framework

In different social-ecological
regions:

= Tropical forests

= Semi-arid zones

= Coastal zones

By different research teams:

= Universities (Bonn, ETH Zurich,
Tokyo, etc.)

= CGIAR centers

* Current/past research site P
* Planned research site
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Application of LUDAS for Hong Ha catchment (Vietham)

= Size of the study area: 100 km?

Hang Ha Commune

The study area

" Protected mountain watershed in
tropical forest zone

= 240 households who are agriculture-
and forest- dependents

= Puzzles in policy decisions in:
- Forest protection zoning
- Agricultural extension

- Agrochemical subsidy

i

Thua Thien — Hue province




L$J RESEARCH
PROGRAM ON

h—{—1
NF Dryland Systems
CGIAR

Test ex-ante impacts of farmers’ adaptive learning

Human-environment system
" "

WHAT will be happen in the baseline '@
dynamics IF adaptive learning is
included (loops F1-2-3 and F1-4-6-
8-9 considered) compared to the ; Internal model oft Py o > Changes ofti;e
uman-environment | <@g+t environmen
géﬂ;(gji(:e((:ja)ge (only loop F1-2-3 interaction | (to+T)

Action

¢ & 1 9

N Strateg?r selection Environmental
i; evaluation |«—@)— feedback |€——
(to) (to+t)

L L

Human systems Environmental systems

Source: Scholz (2011), Le et al. (2012)
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>

Whole population B s ‘Paddy-based, poor’ farmers

& EE -

% ton ricelalyear

Le et al. (2012).

Environmental
ale . . Modelling & Software
1 3 5 7 9 11 13 15 17 18 21 23 25 Z7 29 1 3 5 7 9 11 13 45 47 19 21 23 25 27 29 27-28: 83-96
C =, ‘Upland crop-based, poor’ farmers D= ‘Better-off’ farmers

% ton ricelalyear

1 3.5 7 9 11 13 15 17 19 21 23 25 27 29 1 3 S 7 9 11 13 15 17 19 21 23 25 ZIF 29

Elapsed vear Elapsed year
Mechanism I: Upland crop Mechanism I1: = = = Upland crop
Faddy rice —_—— Paddy nce
—Agroforestry —_——— Agroforestry

Total cropland —— T&&I cropland
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Pilot application of VN-LUDAS: Potential impacts of land-use
policy changes on community-landscape dynamics

mJse-case P: what are potential integrated effects of changes in protection
area zoning on forest resource and community income (incl. equity)?

mUse-case I. what are potential integrated effects of combining changes in
three factors above on forest resource and community income (incl. equity)?




Likely environmental impacts of changes in protection 20ning

IIIIIIIIIII’ .

‘Ill

“Strict protection” scenario (next 20 yrs)

Legend:

Road

River/stream
Upland crop

Paddy rice
Agroforestry

Shrub land

Grass land

Young plantation
Forest plantation
Open natural forest
Dense natural forest
Rocky surface

No data
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Delayed impacts of protection zoning on farm size

45 . 45

(A) ?K’:’ﬁ No protection (B) ¥ No protection
---¢-- Rich forest - #¥E | e <1km
-~ Poor forest ®[ e <2km
--% -+ Shrub | --fr-- < 3km
-=% - Grass e < dkm
--4-- Cropland

30

Baseline {S0) Baseline (S0)

—#— Rlich forest
—%— Poor forest
—— Shrub

—— < 1km
—— <Z2km

Coverage (% totalarea)

Coverage (% ofthe bufferarea ofmain roads)

a —e— < 3km
—— (Grass 2594 —— < dkm
—— Cropland a5 | Rl B B R o
Strict protection - Strict protection
10 A ---x -+ Rich forest 10 4 }K}E%*X}K WHEX| e e 1km
--# -+ Poor foreg g ¥ ol ceme- < 2km
5 1 --% - Shrub 5 S S ehsdeeeddeR e o3
--# - Grass u < Adkm
I+—7TT+T1T 71T 7717717171+ % - Cropland il+—TTT""T"T"T"TTTT T TT 7T T
12345678 91M111213141516 17181920 12345678 91M111213141516 17 131920
Elapsed year Elapsed year
450 13 :
o protection No protection
400 4 \-< - Upland crop = ~ % Upland crop
-%r-- Paddy rice -< - Paddy rice
150 -4 - Agroforestry . - - Agroforestry
< - Total ' --€= - Whole farm
= o
300 4 =
Baseline {(50) § os 4 Baseline (S0)
E 250 4 —— Upland crop E 07 4 —e— Upland crop
= —&— Paddy rice o ) —— Paddy rice
I 200 —+— Agroforestry E}; 08 4 —e— Agroforestry
—— Tatal m 05 4 —&— Whole farm
150 4 =
o 04 4
Strict protection - Strict protection
03 4
#  lUpland crop ---% - Upland crop
--# - Paddy rice 02 iy -% -~ Paddy rice
c-we - Agroforestry a4 --u - Agroforestry
--%-- Total crop # - Whaole farm
a0 T T T T T T T T T T T T T T T T T T T

234567 8 910111213 14151617 181920
Elapsed year Elapsed year

Source: Le at al. (2010) Ecological Informatics 5: 203-21



Delayed impact of protection zoning on income equity

140
. A) N tectjon, 20
Source: Le et al. (2010) UA) o prstaciion, year
Median = 2732 (O'
Skewness = 2.%d.= 0.13)
0.7 100 Kurtosis = 970 (8. = 0.25)
(D) § ol [} >
o g %
.| Nosignificant change £ & Q)é
in Gini index observed { E)Q@
20
(] T |th-L e e T T T T+ r§
0 5000 10000 15000 20000 25000 30000 35000 40000 45 000
Par capita annual gross income (1000 VND/person/y
10 é)\’ (B) Medium protection, year 20
é 0.4+ 120 ) Median = 2742
Skewness = 2.65 (sd. = 0.13)
£ . 100 § Kurtosis = 9.18 (s.d. = 0.25)
£ g &0 S
O 03 -+ +¢- -+ No protection E 0~ ‘\\Q
—&@— Baseline (S0) 09 (OO
_ : 20 )
0.2 * =+ - - Strict protection oL T, PILQQ) .
0 5000 10000 1 25000 30000 35000 40000 45000 50000
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=)
034 i & (C) Strict protection, year 20
el > Median = 2640
1T .& Skewness = 6.11 (s.d. =0.13)
100 Q)\ Kurtosis = 64.06 (s.d. = 0.25)
0.0 T T T T T T T T T T T T I L] T T T T T g 80— “Qo
12345678 91011121314151617181920 E )
Elapsed year L 60 "E)Q
0
c}@ah
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T T
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A sound combined policy intervention

Viore law enforcement + arg. extension
+ minor fertilizer gsubsidy, BUT redy

IIIIIIIIIII>

45 5000

Baseline (S0) (B)
40 —&—Rich forest 4500

—&— Poor forest

—&— Shrub 4000 1
35

—&— Grass
—— Cropland

w
al
o
o

30 1

>
@
(0]
= 2
0 [a)
L . £3000 |
g - Combined o
2 257 ; ; <]
< intervention 2500 |
g 20 ---0-- Rich forest ¢ .
g -0+ Poorforest 52000 { ~ —4— Baseline (S0)
[J] o
3 ---¢-- Shrub =
o) = . . .
0 15 = i ---$--- Combined intervention
¢+ Grass 21500
--=¢-- Cropland ¢
10 4 <1000
5::3::"““” e 500 A
0 0 +——r—r"—r+r+r—rrrrrrTrrT
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Limitations, but prospects as being studied

= Processes not yet incorporated
= Nutrient flows and management
= Farm heterogeneity
= Important environmental externalities: GHG emission, water pollution, soil
nutrient residual effects

= Resilience-relevant outputs
= Onset of regime shifts
= Buffering capacity indices
= Adaptation indices
= Transitions between farm types

= Systematic, rigorous model validation
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New version capturing farm heterogeneities

External Drivers (e.g. marketaccess and prices,
national policy, agricultural technology)

N

= Bio-physical Farm Framing Agency

Agent represents farm €9 Credifnds) _H Nationalprovincial/

. Available res ource regional level
hete roge ne |ty Contexwal Lending criteria
effects ‘ 1 i |
= Material ﬂOWS, yleld Decision Secmdaryfeedback
‘ el \ Smallhdder community
by farmers‘ decisions Secondary feedback (Fomn >
on crop uses, fertilizer N A (Farm > /«5&
i [ Househol entx © 5 / \ 0

uses, recycllpg, etc. 2> e };age ntz%/:% ( Fam 1 R — S 55"

resilience arising from | N Fam performance »

a rich structure of e e indicatars

f
feedback loops that Harvest products (material) __| Routine for farm
. . F rf inf ai i
work in different ways et || Housenotg asses fedo e ruttentfiows ||
(e.g. one kicking in if i - -Pmd“c“‘);“”“s — \
. _|I‘=a: on_’
another one fails) 4 , o (—_Soll agent_J{ Crop agent ) [Livestock agent )
Soc ial . P -

[ Outputs like eco- Ieﬁming Ef(rj[zzl Soil properties Crop type, yield leesﬁélatype |

efficiency, thresholds, t"' Choice sub-model P e jizors 71 ]

. . . ~ > Nutrient Functi f il N utrie nt-yiel d .
tlpplng pOlntS are - — mnl;éfr?]em—b sub-mo del Growth functions
evaluated N g ,

[ \ 3 L/
NPK uptake Feed
= On-going case studies [ = re%'dueJ J g

un-going Human system N\ — Z

in Burkina Faso, Farm Environment System

\

Malawi Source: Le et al. (2012)




Embedded in CGIAR Research Program in
Dryland Systems (CRP-DS)

An integrated global research initiative (2012 - 2016) that develops resilient, diversified
and more productive combinations of crop, livestock, rangeland and agroforestry
systems that increase productivity, reduce hunger and malnutrition, improve the life of
the rural poor and conserves the natural resources in drylands.
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A community of practice in integrated Systems
Analysis and Modeling Group (iISAMG)

The iISAMG was set up by CRP-DS as a new initiative to improve systems
research and link it to the impact pathway.

The group includes system experts from CGIAR research centres and
partners (Leeds University, UMR-Monpellier, Wageningen University).

It provides platform for exchanging complementary integrated system
modelling approaches, methods, tools and indicators.

It encourages exchanges in experiences on how integrated system
analysis and modelling can help improve impacts of research projects
on the sustainable development of major agricultural livelihood
systems.
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Thank you, any questions?

A global partnership to realize the potential of rural dryland communities

Led by: In partnership with: !.
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