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ABSTRACT: There is increasing concern about potential clirgizieen regime shifts
— large abrupt shifts in social-ecological systenad could have large impacts on
ecosystems services and human well-being. Thisr@ames to synthesize the potential
pathways for building resilience to such regimdtshiren examples from the Regime
Shift Database provided the cases for analysiss&&oop diagrams were used to
analyze feedback mechanisms at different scalesdantify “leverage points” —
places to intervene in the system in order to bn@kilience. Sixteen of these leverage
points were identified, most of which relate toiaegitural management. Most
feedback mechanisms include at least one leveraigé lighlighting the potential for
building resilience to climate-induced regime ghifthe most common leverage points
identified in our analyses were vegetation covigla@volume and atmospheric
temperature. These leverage points were companadtitgation strategies discussed
by the IPCC. This comparison indicates that curcéntate change mitigation
strategies do not alter most of the leverage paiméxtly. This suggests that IPCC
strategies should be broadened in order to redecegk of regime shifts, and the
associated impacts on human well-being.

Key words: regime shift, climate change, leverage point, mitigation strategies,
ecosystem service

ACKNOWLEDGEMENTS: | am greatful to my supervisors, Oonsie Biggs and
Garry Peterson, whose encouragement, guidancesadbdcks from the initial to the
final level enabled me to develop this projethis study was also supported by
Christine Hammond, Daniel Ospina, Johnny Musumbhagdna Yletyinen from the
Regime Shift Database Group adding to the regiridisesxamples used in this study.
Special thanks tduan Carlos Rocha, Quentin Dilassefrdigaune, Emma Margareta
Gabrielsson and Diego Galafassi for their usefohm®nts and discussions completing
this work. This thesis project would not have bpessible without the support and
funding of the Stockholm Resilience Centre. Thiskns dedicated to the memory of
Anna Talente.



INTRODUCTION

Improved analysis of data, and more rigorous evanand comparisons
among data from different sources have led to graatderstanding of climate change
in recent decades (IPCC 2007, Houghton et al. 2@i)he end of the 21st century,
climate change impacts are expected to be the pricaase for biodiversity loss and
changes in ecosystem services at a global scallefMium Ecosystem Assessment
2005, Thomas et al. 2004). The four most recognimgrcts related to climate change
are an increase in atmospheric temperature, ptatgs, and extreme floods and
droughts (Collier et al. 2002). These changesilketylto have substantial impacts on
human well-being, through their impacts on ecosystervices. Ecosystem services
can be defined as the benefits people obtain framsystems (Millennium Ecosystem
Assessment 2005). These inclymlevisioning services such as food, water, timber,
and fiber;regulating services that affect climate, floods, disease, wastes, aatdrw
quality; cultural services that provide recreational, aesthetic, and spiribeaefits; and
supporting services such as soil formation, photosynthesis, and mitggcling.

Research suggests that climate-induced changessystem services will not
necessarily be gradual, but may be associatedalitinpt, non-linear changes in
social-ecological systems — or regime shifts (Mgoeieal. 2009). For example,
increased frequency in floods with flushing wiltiease P concentrations in water and
alter provisioning services such as freshwaterfesheries in the clear water lake
system, as it is likely to shift towards eutroplaike regime. Scheffer (2009) defines
regime shifts as “a relatively sharp change frorma m@gime to a contrasting one, where
a regime is a dynamic ‘state’ of a system witlcharacteristics stochastic fluctuations
and/or cycles”. Such abrupt changes are very ditfio manage in order to avoid the
loss of ecosystem services. This is due to the tmxtp of identifying and
manipulating the drivers of regime shifts at locafjional or global scales. This study
identifies drivers as factors that externally attex system by changing its dynamics
through modifying the behaviour of feedback mectasi (Dent et al. 2002). For
instance, in the case of Arctic sea ice depletr@eighouse gases are the main external
driver that affects the ice-albedo feedback mecmani

A regime shift is usually preceded by a loss ofliexce (Folke et al. 2004,
Briske et al. 2008). Walker (2004) defines resiteias “the capacity of a system to
absorb disturbance and re-organize while undergdiagge so as to still retain
essentially the same function, structure, ideratitgl feedbacks”. Resilience of a
particular regime can be both desirable and unalgsidepending on interests of
stakeholder groups and the overall impact on huwedhbeing (Carpenter et al. 2001).
In the case of a regime shift where ecosystemas\are lost and decrease human
well-being, the resilience of the new regime isesithble and therefore tools are used
for decreasing it and vice versa. This study fosusebuilding resilience of desirable
regimes, and reducing the risk of undesirable diamaduced regime shifts.

Building resilience to climate-driven regime shiischallenging as managers
have limited options to directly reduce the drivefglimate change at local-regional
scales. Nevertheless, it is possible for manageirgérvene in other ways to reduce
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the risk of climate-induced regime shifts. One im@nt way to build resilience to
avoid undesirable climate-induced regime shiftsyisinderstanding the mechanisms
underlying regime shifts, their impacts on sociedegical systems, as well as their
implications for human well-being. This can helprmagers anticipate regime shifts,
avoid undesirable shifts, or facilitate benefighifts by better understanding the
particular system dynamics and leverage points Kéfat al. 2006, Rocha 2010).
Leverage points are key points or variables instrsgem where intervention can
strengthen or weaken feedbacks. Two types of fedabzan be distinguished in
systems. Reinforcing feedbacks use their own momnend drive a system
increasingly in the direction it is already goitiggreby amplifying growth or decline
(Patterson et al. 2008). Balancing feedback loop®quilibrating mechanisms that
maintain stability and act to resist change (Mea&l@@08). Loss of resilience is
typically associated with a weakening of the feetfttmechanisms that maintain a
particular regime, due to an external driver suxklemate change. Identifying and
manipulating leverage points in these feedbackdefmto counteract the effect of the
driver, and build resilience even where the drregnains present.

The International Panel of Climate Change (IPCCjebort identified two
main management strategies for systems alteretirogite change: adaptation and
mitigation. This study focuses on mitigation as Iti@n strategy to build resilience to
climate change, and analyzes the effects of th€IR@igation strategies on the
drivers and leverage points of different regimdtshirhe IPCC mitigation strategies
mainly target reduction of Cemissions in atmosphere (IPCC 2007, UNEP 2010).
These strategies continue to evolve as the IPCé&ssss the risks, feasibility,
mitigation potential, costs and governance requar@siof such controversial actions
as geoengineering in its Fifth Assessment RepaeriBofer 2010). However, such
strategies will only gradually reduce the key drévef climate change, and are often
beyond the scope of local to regional scale masafdainy regime shifts may
therefore be unavoidable in the near future evémeiiPCC mitigation management
strategies are implemented. Consequently it isgsaeg to identify alternative
pathways and leverage points for reducing theafsiimate-induced regime shifts.
By identifying and manipulating key leverage poirgsilience to undesirable regime
shifts could be increased even if the drivers whate change remain present.

This paper aims to synthesize the potential patevi@ybuilding resilience to
climate change driven regime shifts by identifylagerage points that can strengthen
the key feedback mechanism underlying desirablieneg We then compare the
leverage points to the mitigation strategies ideatiby the IPCC. The analyses
presented in this paper are organized around feyirésearch questions:

Q1: What aspects of climate change most affectabe@backs that could trigger regime
shifts?

Q2: What aspects of climate change most affectliteet drivers of regime shifts?

Q3: Which are the key feedbacks (leverage poiotgptster or weaken to reduce risks
of regime shifts in a particular system?



Q4: What are the effects of mitigation strategiesppsed by the IPCC on the risk of
regime shifts?

METHODS

This study was conducted in three phases (FigurélBse 1 consisted of data
collection using the Regime Shift Database (RS@B)glate. Five of the 10 regime
shifts analyzed in this study were written up aotlighed on the RSDB by the author
of this study. The other five regime shifts hadrbpeeviously written up and published
by other students. The ten regime shifts were ehaseaegime shifts specifically
impacted by climate change.

Phase 2 involved the development of causal loogrdias for each of the ten regime
shifts, to identify the key feedback mechanisms@univers of each regime shift. To
analyze the effects of climate change, four keyaotp related to climate change were
introduced: i) increase of atmospheric temperaiyrcreased precipitation, iii)
increased frequency of extreme floods and iv) iasee frequency of extreme
droughts. For each regime shift, the effects of¢hedimate change impacts on drivers
and feedback mechanisms were analyzed (see App#rndit0). These analyses were
used to identify leverage points that could potglytibuild resilience to climate driven
regime shifts.
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Figure 1. Conceptual modedf this study. The numbers and arrows representritier of the
study process. Each colour for the links repreparticular phase of the study.

The third phase of this study entailed the intraiguncof the IPCC mitigation
strategies, and comparing them to the previoudgtifled drivers and leverage points.
The comparison enabled us to assess the effects@feurrent climate change
mitigation strategies in averting regime shiftse$é findings could confirm or oppose
the necessity for alternative strategies for baogdiesilience to climate change driven
regime shifts.

Regime shift database

The data used in this analysis was taken from ®BBR This Database includes a high
quality synthesis of the literature of differenpé&g of regime shifts documented in
social-ecological systems. Scientific databasebk agcScience Direct, ISI Web on
Science and others were used to look for literabardifferent types of regime shifts.
Each regime shift example includes the followingey of data: i) causal loop diagram
(CLD) and photographs illustrating both social &sdlogical dynamics of the regime
shift; ii) definition of system boundaries and bagdund of the regime shift; iii)
description of the alternate regimes and feedbamthanisms that maintain each
regime; iv) ecosystem services associated with esgime; v) external direct and
indirect drivers that precipitate the regime shiff;management options to maintain a
desirable regime or to restore a desirable regime.



This study includes data from 10 of the regimetshiiimples that are included in the
RSDB. These ten regime shifts were chosen as thregsponded to the best

documented and established cases in the litertliag to climate change. The ten

regime shifts included in this study are given able 1.

Table 1. Regime Shifts analyzed in this study and descmiptittheir properties
(RSDB 2011)
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Construction of feedback mechanisms and causal loop diagrams (CL D)

To assess the “leverage points” in the system s mecessary to visualize the feedback
mechanisms that exist in each system. To achiese@hD using Vensim PLE
(Ventana Systems 2010) were developed to idertédlinks between the variables in
the system and the climate change drivers. CLDiéslanique to project the feedback

structure of a system (Sterman 2000). CLD congiganables connected by arrows

denoting causal influence. Feedback loops, the Basictural units of the diagram,
emerge by connecting these variables. CLD weretnasied to represent the

underlying mechanisms independently of the caseifspeontext. Figure 2 gives an

example of such CLD for Arctic sea ice depletiogimee shift.
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Figure 2. CLD for the Loss of Summer Arctic Sea Ice regimidtsh

In order to construct a CLD it is necessary to tdgithe key variables and
feedback mechanisms that structure the system.\wadssdone using the scientific
literature. In the case of Arctic ice decrease qudgesses were identified as
increasing atmospheric temperature, declining aamne and increasing open water
surface that were linked together to form partroé enechanism. The feedback loop is
completed when a process is identified that lirdkskito any of the previously
identified variables. In the case of the Arctic gmaexample, it is the decrease in
albedo and resulting increase in absorption ofrsaldiation that link back and add to
the increasing atmospheric temperatures (see Fjure

To identify the feedback mechanisms and the levdetail for the system
feedback mechanism representation, it is necessanglude all the variables at the
chosen scale that are discussed in the literatute laaving an effect on the particular
system. The construction of a feedback mechaniggm$evith identifying key
variables for each regime. This helps locate otheables that affect the main
variable forming a feedback and looking if differé&ey variables link through their
feedback loops. This study did not include linksamen variables that are speculative.

8



Afterwards each mechanism is described in texh&zk if some of the variables do
not overlap describing the same process and Wahable is linked to other variables
in the system.

Recognizing the scale at which variables are ifledtis vital to focus on the
main processes in the system. The borders of gtersywere determined by the
number of feedback mechanisms that are directketinvith the main feedback
mechanism. In the Arctic summer sea ice regime ghifas recognized that the
processes are occurring on regional and globaé s¢akrefore in the mechanisms
such variables were included that describe prosaagbese two scales — albedo
decrease, openings in ice cover, ice cyclonic t@atmn, and ice-ocean heat exchange
are some of the variables.

Random colours were used to illustrate the diffefeedback mechanisms.
Each loop was named based on the main variabledekaribed the feedback. In
occasions when feedbacks at certain parts ovenldphee main variables are already
included in the name of other mechanism, then dtieeomain variables was included
and the second was chosen from variables that dmitdr describe the processes in
the feedback.

Using these diagrams help to identify places insiystem where climate
change impacts affect the system. CLD’s are alsergil to visualize the parts in
system that should be altered to increase resdieha particular system configuration.
Nevertheless one should be aware that causaldinkst describe the behaviour of
variables, but only the structure of the systems Tineans that CLD’s describe what
would happen if there were changes; therefore erease in a cause does not
necessarily represent an increase in a consequemee are two reasons. First, a
variable often has more than one input. The seaoddmost important reason is that
causal loop diagrams do not distinguish betweeckstand flows (Sterman, 2000).

Approach used for the 4 core questions

The approach to address the first two questionsived the use of CLD to visualize

the structure of the system. Each feedback meahaioisa particular system was
studied in terms of its relation to any of the falentified impacts of climate change.
For each driver and feedback mechanism that hadlibdeatified in a system, literature
analysis was provided to identify the relation witimate change induced events
(Appendix 1 t010). In this analysis scientific pepessessments or books were used to
find any suggested linkage between the driverstia@dour events initiated by climate
change. The feedback mechanisms or drivers that seeopgnized as being affected by
climate change initiated events were summarizedhles (Appendix 11) using the six
colours as grading criteria (Table 2).



Table 2. Grading criteria used for assessing the impactiofate change initiated
events on feedback mechanisms or drivers in diftesgstems.

Grading value Reasons to apply

if none of CC eventdirectly orindirectly could be linked to having
effect on any of the feedback mechanisms or driveassystem

if any of the four CC eveniadirectly alters a particular variable in g
feedback mechanism or a driver that resulisiéneasing risk of
undesirable RS

if any of the four CC eventdirectly alters a particular variable in a
feedback mechanism or a driver that results ireiasing risk of
undesirable RS

if any of the four CC eventiadirectly alters a particular variable in g
feedback mechanism or a driver that resuldegreasing risk of
undesirable RS

if any of the four CC eventdirectly alters a particular variable in a
feedback mechanism or a driver that results ineseing risk of
undesirable RS

Applied if the effect of CC event is still discudser having positive
(avoid undesirable regime shift) or negative (causgesirable regime
shift) impact on particular mechanism or driver

To address the third research question approadiltBewere used to identify
the “leverage points” or parts in the system thatessential to build resilience of the
desirable regime. Three criteria were used to ifleleiverage points. First, if a
particular variable or parts of a mechanism whéectéd alter other parts of the same
mechanism resulting in a decrease of resilientbetiesirable regime. Second, if a
particular variable or parts of mechanism whencéfé alter the main mechanism in a
system. The influence it has on the main mechadest@rmines its importance and the
vulnerability of the system. Third and most impattg, if there is a potential for a
fundamental interaction to alter the variable at pda mechanism to increase the
resilience of the particular regime. If the ideietif variables or parts of mechanisms
corresponded to these criteria, then they wereideresd to be a “leverage point”.

For the fourth research question proposed actiams the IPCC assessment
report Working Group 11l (IPCC, 2007) were introgac(Appendix 12). The expected
outcome of these actions was summarized and cothpatbe leverage points. To
evaluate the management options that are provigedi® study and IPCC WG lll the
same grading scale as in the case of assessingphet of climate change initiated
events on feedback mechanisms was introduced piplied under different conditions
(Table 3).
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Table 3. Grading criteria used for the IPCC suggested ¢knchange mitigation
strategies applied for managing climate changettesystems

Grading Reasons to apply
value

- when the proposed strategy cannot be linked tooétiye variables or feedback
mechanisms presented in CLD.

- if the effect of the strategy is unknown in ordeiricrease or decrease the
influence of certain variable or part of mechang#pending on the desirable
system.

- When the proposed strategyinglirectly linked to any of the variables or
feedback mechanisms presented in CLD;

- If the actions based on the proposed strategqwisectly decreasing the
resilience of a mechanism and leading to undesegiine shift in a particular
system.

- When the proposed strategydisectly linked to essential variables or feedback
mechanisms presented in CLD;

- When the strategy has essential effect on incrgasinlecreasing the influence
of certain variable or part of mechanism dependinghe desirable system;

- when certain mitigation strategy or CC events hdigegtt impact on the main
mechanism or key drivelecreasing the resilience for the desirable system.

- When the proposed strategyinslirectly linked to any of the variables or
feedback mechanisms presented in CLD;

- If the actions based on the proposed strategqwisectly increasing the
resilience of a mechanism and avoiding undesirgiie shift in a particular
system.

- When the proposed strategydisectly linked to essential variables or feedback
mechanisms presented in CLD;

- When the strategy has essential effect on incrgasidecreasing the influence
of certain variable or part of mechanism dependinghe desirable system;

- when certain mitigation strategy or CC events hdigsegtt impact on the main
mechanism or key driver increasing the resiliercete desirable system.

- Applied if the effect of the strategy is still diszsed for having positive (avoid
undesirable regime shift) or negative (cause unalels regime shift) impact o
particular mechanism or driver T

The goal of the methodology was to render the éssdgrarts of particular systems that
are altered by Climate Change and assess thelszatia and possible pathways
where management strategies could be applied.

RESULTS

The findings of this study are presented in terfnsagh of the four research questions
that guided the study.

Q1: What aspects of climate change most affect the feedbacksthat could trigger
regime shifts?

Temperature oscillations are affecting and decngassilience in 33 of 54 feedback
mechanisms. Twelve of these occur in a direct mamn&omparison, precipitation
increases the risk of a regime shift in 29 (dine&® and indirectly 12) of the 54
feedback mechanisms. Floods and droughts havdisagtly less influence on
feedback mechanisms by reducing their resiliencecansing regime shifts. Only
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droughts cause direct risk of regime shifts (6 naatdms of 55) as direct effect from
flood occurrence has not been recognized. Indydictbds increase the risk of regime
shifts in 7 of the feedback mechanisms while indage of droughts it is only 1
mechanism (see Appendix 11 Table Al).

The only direct or indirect increase in resiliemssociated with any of the four climate
change impacts is linked with precipitation andutytats. Direct increase in resilience
by droughts has been observed in 3 mechanismsefast to the hypoxia regime shift.
Indirectly this event increases resilience in Glfssck mechanisms that are linked with
thermohaline and eutrophication regime shifts.dswecognized that precipitation
both directly and indirectly increases resilienzé¢he desirable regime in 1 feedback
mechanism (see Figure 3).

The most indirect decreases in resilience origifrat@ temperature change (15
mechanisms affected).

When looking at the affected mechanisms where ¢draaange impacts are
decreasing the resilience it is altogether 40 aooasvhen mechanisms are directly
altered by any one of the 4 events compared t8%hmccasions that they are altered
indirectly. Therefore the direct effects on systesiightly dominate the decrease of its
resilience. Only on 4 occasions are mechanismsttliraltered by increasing their
resilience and on 7 occasions indirectly.

The climate change initiated impact that affecesifiack mechanisms the most is
temperature change. Together temperature and fiedicip oscillations results in 61
occasions when mechanisms are altered directlyratiectly therefore losing their
resilience to the desirable regime. In the cassexttEme droughts and floods this
corresponds to 14 occasions.
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Four different clusters of affected mechanismslzardentified. One is linked with
mechanisms that are affected directly by diffemr@nts resulting in increased risk of
regime shifts. In this case there are only a fewhmaisms that are also indirectly
affected by increasing or decreasing the risk gime shifts if they have already been
affected directly.

A second cluster is mechanisms that are indiredtgcted mostly by temperature
resulting in increased risk of regime shifts. Timque pattern of this cluster is that
these mechanisms have not been linked with diféattdoy any of the four climate
change impacts. There are only two occasions artiwmsg mechanisms where direct
increase of resilience for the desirable regimeldessn recognized while influenced by
the climate change impacts.

A third cluster of mechanisms are desirably or wirdély affected by precipitation,
droughts and floods but not by temperature change.

The last is a small cluster of mechanisms that matdeen affected by any of the four
events.

Anotherfour interesting patterns were identified whilekog at these ten regime
shifts when separating them into marine, climai temrestrial systems (Figure 3).
First, terrestrial regime shifts have been affecteelctly by precipitation more than the
other impacts resulting in a decrease in resilieri¢be desirable regime. Second,
marine systems are mostly affected indirectly amdthy by atmospheric temperature
change. A third pattern that is worth noting isaneting droughts that have a positive
effect on different marine system regimes, butgatiee effect on terrestrial regimes.
Fourth pattern — all feedback mechanisms of theetltimate systems are directly or
indirectly affected by atmospheric temperaturelzmns thus increasing risk of
regime shift.

Overall one can say from Figure 3 that the clinzatd terrestrial system regime shifts
are at the greatest risk of occurring as mostaif fieedbacks mechanisms are directly
affected by climate change impacts, thus increatsiagisk or regime shifts. Tundra-
Boreal regime shift mechanisms are the most vubter® climate change impacts and
therefore are at greater risk of shifting. Climsystem regime shifts can also be
perceived as highly possible as most of their meisias are directly and indirectly
affected by decreasing the resilience. Unlike tri@ and climate systems, marine
system regime shift feedbacks are mostly affegtddeactly by the four climate change
impacts.

After assessing all the regime shift examples @mesee that climate change impacts
in general have unknown effects on mechanisms®0i216 occasions which is
approximately 60% of all the occasions. The unkneffect for each climate change
impact in percentage to the number of feedbackscafasilated and can be seen in
Figure 4.
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Figure 4. Percentagef unknowneffect on feedbacks by climate change impacts

The unknown effect of droughts and floods relatthtomajoriy of feedback
mechanismsThis effect constitutes 87% of all the feedback Inaeisms if linked witf
occurrence of floodsyhereas fc droughts this halseen observed on 70% of t
feedback mechanismBoth oscillations in precipitation and temperathasunknown
effect on less than half of the feedba— 44% and 37% respectively.

Q2: What aspects of climate change most affect the direct driversof regime
shifts?

Direct drivers of each regir shift were identified using the CLO'her the effect of
all four climate change impacts on these drivers was sasdés determine the
vulnerability.

Floods andemperature chan directly havethe most negative effect on drive
therefore increasing the risk regime shifts. Respectivetiiis appliesto 8 of the 22
drivers for floods and 6f 22 drivers for temperature chang@tin percentag
coincide to 37% in case for floods and 27% for terafure chanc (see Figuré).
When changing emphasto overall negative effect (both direct and indireatrease
risk of RS)on drivers the pattern changes as temperaturésicdlse affects 68% of tl
drivers while for floodsanddroughts it is 41% (Figure)5Therefore when looking
the overall pattern of negative effs on drivers it is thextreme even that have the
least negative effect.

Overall the effect o€limate change impeson drivers is negative as the proes
causing direct omdirect ircrease in RS almost equal (43 againsbdeasionsthe
positive or neutral impacThe effect of the climate change impaatsdrivers b
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direct or indirectly increasing the risk of registafts is greater from the slow changes
(temperature and precipitation) that affect drivans26 occasions while extreme event
impact has been identified on 18 occasions (seeigig 11 Table A2).

Droughts and floods together are directly incregsine risk of loss in resilience
affecting drivers on 10 of 44 occasions. In theeaaisslow events in mean temperature
and precipitation oscillations 11 occasions hawnldeund.

100%
00% B Effect unknown
&0% impact still discussed
70% W Directhv Increase
risk of RS /
60% decrease resilience
Indirectly increase
50%

™

]

1]

£

=

5

% risk of RS

£ Jfdecrease resilience
£ aox

= Indirectly decrease
anE 30% risk of RS

fincrease resilience
20%

W Directly decrease

10% the risk of RS /
increase resilience
0% [ ,

Temperature Precipitation Droughts Floods

climate change impacts

Figure5. Effect of climate change impacts on direct drivers.

The drivers that are related to agriculture arentlest affected by the climate change
driven impacts. Majority of the effects by thesems on the eight drivers (fertilizers
use, erosion, flushing, deforestation, food produgtsediments, water turbidity and
sewage) are directly or indirectly increasing tis& of regime shift (see table 4).

Table 4. The drivers most affected by climate change ing#mt initiate decrease in
resilience for the desirable regime.

Driver Occasions of direct effect | Occasions of indirect effect from
from the 4 climate change | the 4 climate change impacts
impacts

Food production 3 0

Erosion 2 2

Fertilizers use 2 1

Sediments 2 1

Sewage 2 0

Flushing 1 3

Water turbidity 0 4

Deforestation 0 1
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The two drivers identified not to be affected bynate change impacts were CO2
emissions and low tide frequency.

Only one indirect effect on drivers is identifideht would decrease the risk of RS and
maintain resilience of the desirable regime. Néwaddss there are 4 occasions where
direct effect by precipitation and droughts on igatar drivers result in increased
resilience.

Given that the most affected drivers and mechanisons the 10 RS have been
identified this allows recognition of the most vettable system to the four climate
change impacts. Figure 6 projects all ten RS treaireluded in this study by
projecting the percentage of drivers and feedbatfksted by any of the climate
change impacts.

0% ° .Cu:uralu

— transitions
-EI Hypoxia
2
E 0%
% @& Coral
= B0% bleaching
£ # Eutrophication
£ so%
[
5 )
T 40% Thermohaline
£
- 30% #® Greenland
[T
o
®  20% ® Monsoon

10%

® Forest-
0% rl') savanna
® Tundra-boreal
0% 20% 40% 60% B0% 100%

% of feedbacks eroded
Figure 6. Regime shifts most vulnerable to climate changeaicte

The two most affected RS are Coral bleaching andddon where all of the identified
drivers and feedbacks are affected by climate ah@amgacts. Altogether there are 6
RS including the two most affected RS that havefheir feedbacks affected by
climate change impacts. However, the drivers far faf those RS — Arctic,
Thermohaline, Greenland and Tundra-boreal maintaaifected. The least affected
RS among all of these is coral transitions altho8ig¥ of drivers and 50% of the
feedbacks are affected (Figure 6).

Q3: Which arethe key feedbacks (lever age points) to bolster or weaken to reduce
risks of climate change induced regime shiftsin a particular system?

Leverage points of each regime shift were iderttifising the CLD and the three
criteria points described earlier. Then the eftdall four climate change impacts on
these leverage points was assessed to determinguherability.

Altogether 44 from the 54 recognized feedback meishas include at least one of the
leverage points (see Appendix 11 Table A3). Ovéhalie are 16 leverage points
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identified that are essential and realistically agaable in all the analyzed systems.
Figure 7 shows the number of leverage points tleaeviound in feedback
mechanisms. Five feedback mechanisms were recayameng all the feedbacks that
include the most key variables to manage. ThesdameEms are the vegetation-
surface albedo mechanism that includes five kelalibas, the dust-precipitation
mechanism in the monsoon shift (4 variables), s@ldiation-sea surface temperature
in the monsoon shift, the dissolved oxygen-algaehaeism in the hypoxia shift, and
phosphorus-DO mechanism in eutrophication thahalude 3 key variables to
manage.
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Figure 7. Leverage points in feedbacks. Number of leveragetgadentified in particular feedba
mechanism amongatl ten regime shif
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number of accaszions

The thermohalineArctic, Coral bleaching, Coral transitions registaft feedbacl
mechanisms include ontwo of the key variablethat is the least among all otf
systemsThe most key variable- five, can be found in Monsoon aRdres-savanna
regime shift feedback mechanic Hypoxiaand Eutrophication regime shift feedbe
mechanisms botimclude 4 leverage poin

One can also look at the number of occasions weettéecular leverag points can be
found amongst all the feedback mechanisms (Tabl€$ could suggest theverage
points that potentially could affect the most sgsten the case of their managem

atmosphearic

temperature

algae volme
vegetation cover
nutrient concentration
dissolved oxygen
biomass burning

CO2 concentrations
sail maoisture

albedo

river runoff
soiltemperatures
zooplankton volumea
herbivore abundance
top predators in water
zooxanthellas

Leverage points

Figure 8. Number of occasions a particular leveragint is identified in feedback mechanisi
amongst all ten regime shifts

Atmospheric temperatuie the most common key variable that i@snd amongs12
of the 54feedback mechaniss in all systemsAlgae volume is the second nt
identified key ariable thais identified in 11 feedback mechanisraggetation cove
is also common as @an be foun in 7 feedback mechanisni3issolved oxygen an
nutrient concentrationsere both identifiein 6 mechanisms. Biomass burn, soll
moisture and C@concentratios were all recognizefdr being importanin 5 of the 54
feedback mechanismalbedo was identified as essential variable in £na@isms
Soil temperature variables well as river runoff were both identified in @chanism.
Zooplankton volume anlerbivore abundan as core part of a particular system b
were found in 2 mechanisi. The least included variables that eomsidered part of
“leverage point” aréop predators in wat, zooxanthellae and probability of co
diseases that all wefeund in 1 mechanis of a particular system.
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Q4: What arethe effects of mitigation strategies proposed by the IPCC on the
risk of regime shifts?

Figure 9 outlines the effects of IPCC climate cleangtigation strategies on direct
drivers. The strategies concerning the reductiod@femissions are having the most
positive effect on drivers compared to other sg@® In this case management
strategies on 6 drivers will increase the resileeand help to avoid a regime shift. This
strategy significantly affects the regime shiftairctic: Thermohaline, Arctic ice
collapse, Greenland and Tundra-boreal regimeseasrttain driver is altered resulting
in increased resilience of the desirable regime.

One should recognize that gRitigation strategy mostly affects different drisehan
the other two strategies (see Figure 9). Fron8ttigvers affected by increasing the
resilience of the desirable system only 3 of theenadso being affected by one of the
other IPCC strategies.

Forest area strategy has both positive (4 drivigestad directly, 1 indirectly) and
negative effect on building resilience as two & thmivers (fertilizers use and food
production) could also indirectly decrease thdigrgie of the system. In general this
strategy directly or indirectly increases resilieffior the desirable regime by affecting
its drivers in 7 of the 10 regime shifts.

Looking at cropland area strategy one can see attenns. First, most of the drivers
have not been affected or the effect is unknownoBe there are four systems that
increase resilience to the initial desirable regas¢he drivers are affected by this
mechanism.

Seven drivers were also identified that are nduerfced by any of the mitigation
strategies suggested by IPCC.

21



coz2
Directly decrease the nsk of

ES /increase resilience
Indirectly decrease nisk of RS

/increase resilience

Forest
Mo effect/effect unknown

Indirectly increase risk of RS
/decrease resilience

Directly Increase risk of RS /
decrease resilience

Cropland

CO2 emissions
Ccean acidification
Saasurface temp.
Sewage
Upwellings

Water stratification
Hurricanes
Pollutants
Deforestation
Ernsion

Sediments
Turbidity
Fertilizersuse
Food production
Urbanization

Top predators
Fisheries stacks
Fishing

Flushing
Speciesmigration

Urban storm water runoff
Lowtides frequency

Figure 9. Effect of mitigation strategies discussed by IP@Jeedback mechanisms arranged in
clusters. Each cell represents a particular daviercted by particular strategy. Each row represatit
three mitigation strategy effects on particulaedirdriver. Each colour corresponds to particutece to
climate change impact.

Altogether by implementing the suggested mitigastategies by IPCC it would
directly affect 12 and indirectly 3 of the 22 idéed drivers resulting in increased
resilience to the desirable regime (see AppendiXdde A4).

Forest area management is the most influentidieftrategies having various effects
on 8 of the 16 leverage points. In order to prefiapotentially different outcomes of
particular mitigation activity on a particular vabile that can be found in different
systems the location of the leverage point wasiBpédn the case of albedo and
atmospheric temperature thus multiplying that paftér variable (see Appendix 11
Table A5). When applied forest area managemerteglyawill indirectly increase the
resilience affecting 5 leverage points. Applyingststrategy can also indirectly
increase risk of RS if used for managing 4 of tagables. Forest area strategy both
increase and decrease risk of RS depending orysitens where two of the leverage
points are part of. Those two variables are allmdbatmospheric temperature.

Forest area management and cropland managementioaggositive effects on
leverage points than the G@anagement strategy. To illustrate this 11 occasieere
identified where the forest area management arglaond management strategies
directly or indirectly increased the resiliencelué system while affecting these
variables. In comparison only in 4 occasions i G®ategy to be positively affecting
these variables. There are only 3 occasions wheiofahe suggested strategies
directly decrease risk of RS and all of them arkdd with the monsoon system.
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Given that the number of different effects on drsvand leverage points are identified,
one can look in Figure 10 at the percentage okdsiand leverage points from the
total amount among all RS affected by particuleatspy.
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& 0% 4 by Cropland
-60%

-B0% T

% affected drivers or feedbacks

Figure 10. Percentages of direct drivers and leverage pofral ten RS affected by the strategies
discussed through IPCC. The positive % valuesath &xes show the extent of positively affected
drivers and leverage points. Values on the maiticatraxis present the extent of unknown effect
and the negative % values the negative effectgivard and leverage points from the three IPCC
discussed mitigation strategies.

From all the drivers the most influential is COZigation strategy that positively
affects 36% of all the drivers by increasing thalience of the desirable regime. The
least effective is Forest area strategy that his28% of the drivers affected thus
increasing resilience of the desirable regime. Ehigtegy is the most effective among
all other strategies when increasing the resiliefdbe desirable regime by affecting
39% of all the leverage points. Though, forest atemtegy has also the most negative
effect on resilience of the desirable regime bgafhg 17% of all the leverage points.

Another way to see the effect of each strategy isdmparing their effects on direct
drivers and leverage points for particular systengdéntify any win-win situations,
trade-offs or overall uncertainties. For £@itigation strategy there are two effects
identified if analyzing all of the RS. Figure 1lugtrates the percentage of drivers or
leverage points affected by this particular mitigatstrategy. The most common
pattern is systems where g8irategy has positive effect on drivers but unkmeffect
on leverage points. It the case for Arctic ice apdle (drivers 100% positive, leverage
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points 67% unknown)Thermohaline circulatic (drivers 100% positive, leveray
points 100% unknowrgnd Greenland ice sh: (drivers 100% positive, leveray
points 50% unknown)Secd pattern identified is when this strategy has unkm
effect dominating both on drivers and leverage {soim a particular system. F
example eutrophication (drivers 100% unknown, lagerpoints 100% unknowr
monsoon (drivers 100% unknown, leverage ts 80% unknown) and foresavanna
drivers 100% unknown, leverage points 75% unknawgimes

L D L D L D L D L O L oL oL D L
100%
80%
60%
40%
20%
0% f
Coral Coral Eypoxia Eutrophication Arctic Thermohaline Greenland Monsoon — Forest- Tundra-
transitions  bleaching summer savanna boreal
SEa ice
|l |l ]
Marine systems Climate systems Terrestrial systems
D-drvers L-leverage points M Increase the risk of RS M Effect unknown O Decrease the risk of RS

Figure 11. Percentage of drivers and leverage points affdaye@C, mitigation strateg

For the Forest area mitigation strategy one camidkntify two patterns of th
differences between the effects on drivers andrégeepoint shown in Fiure 12. The
most notable is the tradsf between the positive effect of this strategydoivers, buf
negative on leverage points for the same systeis.tidnd can be found in Arctic i
depletion (drivers 100% positive, leverage poiri8% negative)Greenland ice she
collapse (drivers 100% positive, leverage point3%Megative) and Tunc-boreal
(drivers 100% positive, leverage points 100% negatiegime shifts. The oth
pattern that isimilar to the one seen fthe CQ strategy is when thistrategy ha
unknown effect dominating both on drivers and lagerpoints in a particular syste
Coral transitions, coral bleaching, hypoxia andapftication are the RS where t|
pattern can be seen.
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Figure 12. Percentage of drivers and leverage points affeayeForest areanitigation stategy

The only pattern that is dominant when lookat cropland area mitigation strate
effect between drivers and leverage popresented in Figure 13, tise unknown
effect dominating both on drivers and leverage {oim a particular syster
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Figure 13. Percentage of drivers and leverage points affdayCropland areanitigation strateg

This pattern can be found for Arctic ice depleti@neenland ice sheet collaps
Thermohaline, Tundraereal RS (all have 100% unknown effect on theeds\anc
leverage points). Coral transitions, coral bleagheutrophication and hypoxia RS
are having unknown effect on majority of their @ns and leerage point:
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DISCUSSION
In this section results will be discussed in thetemt of our 4 core questions.

Q1: What aspects of climate change most affect the feedbacksthat could trigger
regime shifts?

Temperature change alone affects more regime shétsthe other three events
together. Most indirect decreases in resilience atgjinate from temperature change.
Therefore extreme events are not very influentimhpared to slow changes such as
temperature change. This finding agrees with mb#gteoscientific studies performed
that identify atmospheric temperature change akelgempact of climate change on
systems that are essential to human well beingh®wother hand, it can be that current
aggregate estimates of climate change tend toégexireme weather events (Tol et al.
2004). Smith (2011) argues that there is a ladknofvledge on how ecological
systems will respond to these extreme interactmasmore research is needed. These
potential factors are observed in our study weeentiimber of unknown effects on
mechanisms for extreme events are exceeding tbosemperature and precipitation
change (see Figure 2).

Similar patterns can be observed regarding theatbrahange impact on drivers (see
Figure 3). Nevertheless extreme events are comnpanbeived as the direct initial
impacts on human well being from climate changear{emet al. 2006, Dolinar et al.
2010). Furthermore recent studies recognize tluduagiclimate change is expected to
increase both the frequency and the intensityiofatke extremes therefore there is an
urgent need to understand their ecological consespse(Smith 2011). Interestingly
however these two extreme events have an insignificnpact on decreasing the
resilience of desirable regimes in our study. bt taccurrence of droughts is the only
event that significantly has positive impacts omemf the mechanisms and enhances
the resilience of Hypoxia, Eutrophication and Thehaline circulation regime shifts
to climate change. Yet, these positive impactofa system at the same time can be
negative for others at the same location.

It was found that precipitation and increased dntsignd floods indirectly affect
systems that are linked with agriculture. In theecaf temperature change it only
affects some mechanisms that could be explaingdeoglow nature of temperature
change compared to the rapid impact of the occaerefprecipitation, floods and
droughts.

Climate change impacts and in particular tempeeathange directly decrease the
resilience of the desirable regime in polar systemmost of the identified
mechanisms. The latest IPCC climate projectiors laighlight the Polar regions as the
most vulnerable to atmospheric warming (IPCC 2007).

The patterns that appear when separating all tlimeeshifts in marine, climate and
terrestrial groups suggest the key areas of clitlad@ge impacts where mitigation
strategies should emphasize on in particular tymystem. Nevertheless it has to be
considered that even for one regime shift the magnmative climate change impact can
vary between different cases. This is due to ptechange in strength of particular
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climate change impacts on the specific case thavaey both on spatial and temporal
scales.

According to the results these four events linkedlimate change overall have
negative impacts on human well being by directlgt andirectly reducing resilience to
most of the mechanisms that maintain the desinagjienes in different systems.
However, studies may also have overlooked posityeacts of climate change (Tol et
al. 2004) and not adequately accounted for hovother events could reduce climate
change negative impacts. An example is the occoerehdroughts that was identified
for having a positive effect on several feedbackmaisms thus reducing the risk of
regime shifts such as hypoxia, eutrophication aadkathermohaline circulation.

Q2: What aspects of climate change most affect the direct driversof regime
shifts?

Results regarding the effect of climate change otgpan drivers as well as
mechanisms clearly present the necessity to fiageleverage points as they directly
or indirectly increase the risk of regime shiftanmost of the occasions.

Most of the affected drivers — food production] goosion, pollutants and flushing of
nutrients that lead to increased risk of regimé slithe desirable regime are closely
linked to agriculture. Studies suggest that agtizally driven change can produce
regime shifts in various systems, for example fnegter eutrophication and hypoxia
(Carpenter 2005, Diaz and Rosenberg 2008). Thesitsdighlight the importance of
improving agricultural management that could rediheeimpact of climate change on
systems where these drivers are present.

It appears that the majority of the drivers dingethd indirectly affected by climate
change resulting in increased risk of regime slaifeslinked with marine systems. This
would suggest that drivers for marine systems areemulnerable to climate change
compared to those of terrestrial systems. Nevearsisat might be that drivers in marine
systems are better explored and their quantityaatgr compared to the terrestrial
drivers.

Interestingly the two extreme climate change evbat&e more negative impact on
drivers by directly and indirectly increasing thekrof a regime shift compared to
feedback mechanisms. This observation might alsodmsequence due to the many
regime shifts related to agriculture systems wioeirrence of floods and droughts
can be seen as indirect drivers for the regime 8his affecting the direct drivers.

Identifying areas that are most vulnerable to derhange driven regime shifts is
essential for the managers in order to limit ti@iuence. In this study one can look at
the areas that are most vulnerable to climate ahanpgacts. This could be achieved
by analyzing the effect of these impacts on driers feedbacks for the particular
system. Managers should be aware that for a majirihe regime shifts, feedbacks
are most vulnerable to climate change impacts hlangg a greater likelihood for
potential shift. The most vulnerable systems (Feghiracknowledge the vulnerability
of all the three types of systems. One can seettlibdawo most vulnerable systems are
Monsoon circulation (climate) and Coral bleachintafine). The next most vulnerable
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system is forest-savanna (terrestrial) systemth&ie systems are regional or global
therefore it would affect large territories in hgse of the potential regime shifts. The
IPCC projections for this century emphasize onvilieerabity of systems that are
linked to Polar regions — thermohaline circulati@neenland ice sheet, Tundra regions
and Arctic summer sea ice depletion (IPCC 2007)il&Mboking at these 10 regime
shifts in this study it can be suggested that tagrty of initial impacts would occur

in Arctic regions and tropical areas as most ofréggme shifts are likely to occur
there.

Managers should also consider connectivity betwegime shifts when looking at the
locations where these large scale regime shiftddvoe more likely. For example, the
Arctic sea ice collapse regime shift is linked wihle thermohaline circulation regime
shift that could lead to changes in monsoon citcatatherefore linking these two
regions. While looking at areas that should be mosterned with the occurrence of
several climate driven regime shifts it is diffictd identify only one particular region
or system. For different managers coming from dgffik regions the perspective of
their own systems change could be considered tist vatnerable and important.
However, even if one region is not considered lyighilnerable to climate change
driven regime shift it can rapidly change in thaufe if global regime shifts are not
managed, as these regime shifts will have a gletbatt on human well being.

Q3: Which arethe key feedbacks (lever age points) to bolster or weaken to reduce
risks of regime shiftsin a particular system?

Interestingly most of the leverage points idendifean be linked with agriculture. This
contrasts with studies carried out by climatolagtbtat emphasize the importance of
temperature change as the most important varialdedsystem change (Thompson
2010). The importance of managing variables linfcedgriculture to build resilience
to regime shifts, has been suggested by Gordon @088) emphasizing the effect of
these processes on global regime shifts. Neveahéhes study also highlights the
importance of atmospheric temperature as beingbtiee most common leverage
points among the feedback mechanisms in differgsiems. However, the existence of
other leverage points has to be recognized. Sortteedéverage points such as algae
volume, vegetation cover and dissolved oxygen itemare also very common in
different systems thus showing different pathwagntogate climate change impacts
on the risk of regime shifts.

It is worth noting that leverage points in mariystems can be found more frequently
than in climate or terrestrial systems. For mamag@s could suggest that marine
systems could be easier to approach in order taceethe risk of regime shifts.
Nonetheless in this study the strength of the Wé#&or mechanisms and certainty of
some of the links between these variables and mérha has not been considered.
Therefore it is difficult to affirm that alteringamnine systems that include key variables
more frequently would increase the probability esidable results than in terrestrial
systems.

It was unexpectedly identified that the majoritytloé recognized feedback
mechanisms include at least one leverage poitiallgithis seems to be encouraging
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if system managers identify ways in how to manhgse 16 variables to decrease the
risk of regime shifts. Nevertheless the behavidwa system cannot be known just by
knowing the elements of which the system is m@teadows 2008). To give an
example of the different nature of one leverag@pioi different systems one can look
at surface albedo that is identified among vargysiems. This variable in Arctic
summer ice loss regime needs to be bolstered @neehresilience of the desirable
regime, but in monsoon system weakened.

Q4: What arethe effects of mitigation strategies proposed by the IPCC on the
risk of regime shifts?

Mitigation strategies assessed by IPCC were exgloyeanalyzing their effect on
direct drivers and feedback mechanisms.

Comparing the effect of these strategies on drigatsleverage points in regime shifts
it is clear that they are evenly distributed. Ton bercentage of the positive effect of
strategies on drivers and leverage points (betW8esmnd 39%) suggests that there is
no universal strategy that could decrease theofiskgime shifts. Another important
pattern that is essential when looking at the efdéthese strategies is the large
percentage of unknown effects that these stratégies on drivers and leverage
points. Therefore it is evident that more rese@atecessary to monitor the possible
effect of these strategies on particular systerhs tincertainty also presents a
necessity to apply different strategies apart f@@ reduction on climate change
driven regime shifts. Nonetheless the same IPCQ@esigd strategies are targeting
very diverse types of systems with the aim of avmjdhe decrease in human well
being from climate change. This approach couldmg@hy lead to increased risk of
regime shifts as in the example of albedo. Ouresurunderstanding of building
resilience to climate change events does not peowsdwith a “blueprint” that can be
applied to all the systems. For that reason eatheomechanisms, even those
including the same leverage point, cannot be mahagf@ the same method. Thus
leverage point management analyzing each systeedbdeks could be a way to
improve already existing attempts to avoid thegame shifts that affect human well
being in regional or global scale.

It is worth looking at the effects of each strategydrivers and leverage points to see
the potential win-win situations, trade-offs or mrajincertainties when managing these
two variables in a particular system. Table 5 sunmea the results of these three
essential patterns.
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Table5. Occasions of mitigation strategy effects on dickorers and leverage points
in three patterns for particular system

Mitigation strategies | Win-Win Trade-off Uncertgin

CO, 2 0 3

Forest area 0 3 3

Cropland area 1 0 5
3 3 11

The first important trend is the few occasions whaw of the three strategies effecting
drivers and leverage points of a particular systesualts in a win-win situation. The
most occasions that a strategy has a win-win effeatrivers and leverage points is
linked to CQ mitigation. In this case this strategy affects nfohe ten RS by both
affecting all drivers and leverage points that lteisuincreased resilience of the
desirable regime. The lack of win-win situationswld be concerning for managers
that could suggest the necessity of introducingtextél strategies how to build
resilience for the desirable regime.

Interestingly the only strategy that is linkedwitade-offs when applied to managing
climate change driven systems is Forest area wheas been observed on 3
occasions. This pattern demands that managers dre afvthe consequences when
applying this strategy. Peterson (2009) also haiité the difficulties to manage
tradeoffs due to the social and ecological compkexinvolved, and managing them
will be made even more difficult in a changing cht@. One should recognize that the
same management strategy applied for managingathe sariable can increase
resilience in one system but decrease it in off@rexample albedo in arctic by
applying forest area management will increaseidkefor RS as the dark surface of
trees will lower the albedo. In the case for albedopical areas the same
management strategy will decrease the risk of R&gstation cover will ensure the
temperature difference between land and ocean anaiimgg monsoon system.

Uncertainty of the effect of all three strategiesbmth drivers and leverage points in a
particular system are more common. £X0d Forest area mitigation strategies both
have unknown effects on the majority of drivers &rage points in three of the ten
regime shifts. The fact that this pattern is alntaste as common as the win-win and
trade-off patterns could highlight the lack of kredge or ignorance of the effects that
these strategies have on particular systems.

Importantly the unexpected high number of levenagats and feedback mechanisms
that include at least one of them is encouraginiglaaves space for manipulation to
maintain the desirable regime or alter the oneithahdesirable. As seen in the
analysis the strategies discussed by IPCC coulgbetil in certain systems that are
affected by these climate change impacts, but¢theynot be perceived as the only
solution. It is necessary to learn about theserégepoints in particular systems and
see if different approaches could be useful. Locgley variables that can be found in
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regional or local scales should not be ignorechasd variables can also be useful to
maintain resilience of the desirable regimes.

Contributions and Limitations of the approach

This study reveals new insights on alternative waifs of building resilience to
climate change driven regime shifts that have eehbaddressed by the mainstream
climate change research. The results of this stddle using the approach of causal
loop diagrams and the data from Regime shift da&loauld benefit the managers
dealing with climate change driven systems. Onh@benefits of using CLD is the
opportunity for managers to see the linkages betwigéerent systems and feedbacks.
Understanding the internal system structure anatilog leverage points with the help
of CLD for particular RS could improve the managemnsgerstanding of the appropriate
management options.

The potential future improvement of this study tesato developing more rigid criteria
for identifying leverage points. It is also necegda develop a database for feedback
mechanisms to avoid overlapping when includingsidi@e feedback mechanism under
different name.

Lack of data and research or speculative suggestinmparticular links between
variables in regime shifts could have affecteddtwestruction of CLD and
identification of leverage points in this researthis links to the uncertainty of the
systems boundaries and potential hidden feedbagslm CLD.It could be that these
feedbacks might not be significant, but they cafféct the system’s behaviour in
long term.

Other important factors such as the strength oféghdback mechanisms and variables
were left out as it was assumed that all linkspaioportional. Including this could
improve the understanding if the leverage poinessaitong enough to cause change in
particular mechanisms if altered by the suggesti#idation strategies. Therefore
these two factors are important to consider inrigiudies to improve the
identification of leverage points. For these twotéas to be introduced a quantitative
study could be applied. It would be interestinga@onbine the currently used approach
with a more quantitative one, where variables wdiddjiven values thus giving new
insights on identifying leverage points. This cobklp and acknowledge the necessary
effort to alter these feedbacks and show if thetified leverage points are effective to
alter and the actual outcome result in desirecea®e in building resilience of the
desirable regime.

Although the identification of leverage points ystems has been discussed and some
advice is provided (Meadows 2008), this is the firme when CLD are being used to
analyze the climate change driven systems to ifyethiése key points.
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CONCLUSIONS

The purpose of this study was to synthesize thernpiad pathways for building
resilience to climate change driven Regime Shiitsachieve that four key questions
were identified: a) what aspects of climate chamgst affect the feedbacks that could
trigger regime shifts? b) what aspects of clim&@nge most affect the direct drivers
of regime shifts? c) which are the key feedbaakgelage points) to bolster or weaken
to reduce risks of regime shifts in a particulasteyn? d) what are the effects of
mitigation strategies proposed by the IPCC on igleaf regime shifts?

The use of CLD to identify the effect of climateacige impacts on systems and locate
the leverage points gave us some new insights efevio intervene in the systems to
avoid regime shifts and build resilience. The ollaféect of the four impacts related

to climate change and particularly the increasatimospheric temperatures has
directly and indirectly reduced resilience to maisthe mechanisms thus increasing
the risk of undesirable regime shifts.

Agriculture seem to be important system to inteevas most affected drivers — food
production, soil erosion and flushing are all lidke agriculture and also most of the
leverage points identified can be linked with ihelresults show that most of the
feedback mechanisms amongst all 10 regime shiftade at least one leverage point
which is encouraging for managers as it leaves moe for manipulation. This has
not been considered by the IPCC as its attentiéocissed on the strategies of
reducing CQ emissions.

This study shows that the current climate changgyation strategies do not alter most
of the leverage points directly. There is a concgrmumber of occasions when the
current strategies effect on drivers and leveragetp is unknown. This is concerning
for managers as research has to be extended oratten¢gion has to be devoted on the
unknown processes that could affect regime shftgisidering the specific
characteristics of particular systems including keal and regional variables
(leverage points) in those climate change mitigasivategies could help to achieve
the aim of human well being and avoid undesirabtgme shifts.
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