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We thank the Editor for the time spent reviewing our manuscript. The Editor decided that the manuscript should
be accepted if the reviewer comments are implemented in the revised manuscript. We copy here our reply to the
two reviewers, followed by markedup version of the revised manuscript.

Reviewer #1.:

We thank the anonymous referee #1 for the remarkably extensive and constructive review of our manuscript. We
revised the manuscript by accommodating the referee's suggestions as much as posiséblllbwing, we

provide our responsesviitten in red,added text to the manuscript itglito the referee’'s comments (written in
black).

As currently written, it is difficult to discern the scientific questions the manuscript is attempting to address

While the authors describe in some detail Awhat 0 was

analysis was conducted in the study. The manuscript indicated that land management for carbon mitigation could
potentially have effects on anety of ecosystem service indicators, but it was difficult to place the results into

done

context to unde+#Hwhdtmewd melses amaisn t itake he authors intended

As ecosystem service indicators can be interpreted as pfokissveral ecosystem services (as indicated by the
authors, see Section 2.4) and models can be applied to address a variety of scientific issues, it is not clear what
the simulated effects on ecosystem service indicators are supposed to mean withrstandidg the underlying

scientific questions being . There appears to be several scientific issues that the manuscript seems to be
attempting to address along with some potentially interesting and useful information that is worthy of publication

if thesescientific issues could be clarified. Below, some ideas are suggested to help clarify the scientific issues
and improve presentation of the results and discussion.

We agree that the scientific questions and -takme messages could have been emphasister e the

manuscript and thus adopted the reviewerds suggestions

1) Overall, the motivation for the study in the manuscript appears to be that land management for enhancing

carbon sequestration and/or reducing caross (i.e.lanb ased mi tigation) could have
other ecosystem services provided by | and ecosystems

energy balance in addition to land carbon fluxes, the ability to prdeik and fiber, the ability to moderate

water availability, and the ability to improve air and water quality. Haasked mitigation may enhance some of

these ecosystem services, but degrade other ecosystem services. Thus, the basic scientific quéiséion that
manuscript appears to be trying to address is fAWhat
other ecosystem services?o0

The manuscript also recognizes that two general carbon mitigation approaches have been suggested in the past: 1)
avoided deforestation in combination with afforestation and reforestation (ADAFF); and bioenergy production
and consumption with carbon capture and storage (BECCS). In addition, the manuscript recognizes that instead
of one approach or the other, some coration of these two mitigation approaches will most likely be
implemented in the future. Thus, two secondary scientific questions that the manuscript appears to be trying to
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address ar e 0 Debasedhnmatigadoh bneothér cosystem keavdifibr based on the mitigation

approach?o06 and #dlf so, do the effects of one mitigation

domi nant effect than the other mitigation approach?

The impacts of landbased carbon mitigation on ecosystem servicesthe differences between the mitigation
options are indeed the primary research questions of our study. Carbon removal itself is one of the analysed
ecosystem service indicators but is to some degree already predetermined by the mitigation scevizdbs in
carbon removal was the exclusive objective determining LU patterns. We formulated the proposed questions
(slightly modified) at the end of the introduction section. In particular, we rephrase the proposed third scientific
question:

i The ma ihmuestiens weaaddecess in this study are:

1. What are the impacts of land management for carbon uptake on other ecosystem service indicators?

2. Do the effects of lanbased climate change mitigation on ecosystem service indicators differ based on
the mitigationapproach (BECCS, ADAFF, or a combination of both)?

3. If so, can a mitigation approach be identified in which tradfs between other ecosystem service
indicators are | ess pronounced than in the other

The manuscript also uses output from tand-use models (IMAGE/LPJmL and MAgPIE/LPJmL) to prescribe
projections of land use for the study, but it is not clear why the authors are using tweséasdenarios in

general or the results from these two models in particular. It may be that thesaithply wanted to examine

how uncertainty of landise projections to a single climate change scenario might influence the effects-of land
based mitigation on ecosystem services to somewhat
the aat hor s mi ght have been attempting to address t
implementation of a particular mitigation approach influence the effect ofbased mitigation on other
ecosystem services. Besides influencing differenspzrthe world (see Figure 2), the two lamse models also
appeared to differ in the basic implementation of the-lzasbd mitigation approaches (see Figure 1, Table A2).

For the ADAFF mitigation approach, the IMAGE/LPJmL lamsk projection appeared tain natural areas

mostly from the abandonment of pastures whereas the MAgPIE/LPJml projection appeared to gain natural areas
mostly from the abandonment of croplands. Also, for the BECCS/ADAFF option, it was interesting that the
IMAGE/LPJmL landuse projéon has more cropland than the baseline whereas the MAgPIE/LPJmL projection
has less cropland than the baseline. For the BECCS mitigation option, all of the additional cropland appeared to
be derivced from the conversion of natural areas to agricultuteeinMAGE/LPJmL laneuse projection
whereas less additional cropland appeared to be derived from the conversion of natural areas to agriculture in the
MAgPIE/LPJmL projection, but more cropland appeared to be derived from more intensive use of pagtures. W
the exception of noting that more natural area came from cropland in the MAgPIE/LPJmL ADAF&sé&Nd
projection, the authors did not really note these systematic biases in their analysis.

We indeed used landse projections from the two lande model to capture the uncertainty arising from
different model assumptions related to the implementation ofbasdd mitigation for a given CDR target,
thereby affecting land demand and spatial distribution of mitigation activities. As shown in Figure akded T
A2, land-cover patterns by the end of the century are very different for the tweutsndodelsywhich to us
seems an important aspect to our st clarify this in the introduction:
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ABy wusing LU patters fr om tsange ofdthefufcertaietynin indicdforsrafoEbe | s we

arising from different model assumptions concerning the land demand dilanss e d mi t i gati on. 0o

The reviewer points out some interesting differences in convertedctarats which are apparent from the
figures aml tables but not mentioned in the text. We agree it would be useful to highlight these patterns in the text
and added the following text to section 2.1:

AAvoided deforestation and afforestation i.2byande ADAFF
afforestation typically takes place on pastures or degraded forests in IMAGE but on croplands in MAgPIE (Table

S2). Bioenergy production area in BECCS is increased mainly at the expense of natural vegetation in IMAGE but

taken also from existinggricultural land in MAgPIE. Total cropland area increases in the scenario combining

both strategies (BECCABDAFF) compared to BASE for IMAGE but decreases for MAgPIE BEAIDAFF

(Fig. 1)o0

The manuscript uses the dynamic global vegetation model (DGVM)GUWESS to estimate land carbon
sequestration/loss and the ecosystem service indicators. However, thesdamibdels also used a DGVM, i.e.
LPJmL in their simulations. It is not clear from the manuscript what potential benefits were derived from using
LPJGUESS instead of the LPImL results for the analysis. Perhaps, some of the output for the ecosystem service
indicators were just not available from the IMAGE/LPJmL and MAgPIE/LPJmL simulations to conduct the
analyses. Or, perhaps there were improvemertteimepresentation of ecosystem processes irAWPESS than

in LPImL, which might provide other scientific questions that the authors think the manuscript might be
addressing, but if so, it is not clear what these scientific questions are.

The main purpse of LPJImL being coupled to the LUMs is to provide C stocks from which LUC decisions can be
derived. Consequently, most variables were indeed not reported, or in many cases even simulated (e.g. N
leaching, BVOC emissions), by both lande models. The us# LPJGUESS allowed us to address a wider
range of ES indicators in a consistent modelling framework. We clarified this in section 2.4:

AWith the exception of C storage and crop producti on

Additionally, LPJGUESS represents some ecosystem processes in more detail compared to LPIJmL. As
mentioned now in section 2.1 and 4.7, ¥ BJESS simulates forest-growth explicitly by the representation of
different age classes. LIRUJESS also has a coupledNCcycle, which is not represented in LPImL.

It is not clear why the authors have quantified carbon sequestration for the various simulations in the manuscript.
Did they expect carbon sequestration rates to vary with mitigation approaches or implementatiose of th
approaches in the two lantbe change projections? Did they expect the effects on other ecosystem service
indicators to depend on the magnitude of carbon sequestration rates? Or, did they want to indicate a level of the
potential tradeoffs between carb sequestration and other ecosystem services if the land management led to
degradation of the other ecosystem service?

We consider carbon sequestration as one of the analysed ecosystem service indicators. Our study shows that
simulated carbon uptake inPFGUESS is different compared to the LUMs. This was expected: while LPJ
GUESS shares some history with LPImL the model is in many respects very different, for instance in its coupled
C-N cycles and its fundamentally different representation of canopbplisbtaent, growth and mortality. The

large uncertainty in carbon removal potential in iaded mitigation efforts should be considered to assess the
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associated climate benefits andlmnefits/tradeoffs with other ecosystem services (see former sedt@nnow

section 4.7).

Besides examining overall effects at the global scale, the manuscript looks at how théseséahdhitigation
effects ecosystem service indicators over time (Figure Al and A4) and space (Figure 4, A2, and A3). Thus,

another scienti i

C question
ecosystem services vary across the globe or change over time.

the manuscr i piasedpnjigation effectsonotheéddr ess i s

By clarifying the scientific questions being addressed in the Introduction and/or Methtidessedll help the
reader to understand the logic behind the analysis.

We added this question to the introduction:

na.
i ndi

2) The manuscripappears to evaluate qualitative effects of taaded mitigation on other ecosystem services by

What are the spatial and temporal patterns of the impacts ofBasdd mitigation on ecosystem service
cators?o

using directional changes in ecosystem service indicators. In Table 2, the authors nicely indicate how the

ecosystem service indicators relate to the variecssystem services. However, Table 2 is not currently

referenced until the Discussion section. As the information in Table 2 does not appear to depend on any study
results, it would be better to move Table 2 to section 2.4 (and rename to be Tablel)htmwinkitigation
induced changes in ecosystem services (i.e. the scientific questions) are being evaluated with the ecosystem
service indicators. As several ecosystem service indicators appear to be related to a single ecosystem service and
other ecosysterservice indicators appear to be related to more than one ecosystem service, the Results and
Discussion sections could be reorganized to be consistent with the information presented in Table 2. Some of this

organization already exists in the Discussionieaaf the manuscript with Section 4.3 describing the effects on

water availability and potential implications on flood protection, Section 4.4 describing the effects on food
production, and Section 4.5 describing the effects on water and air qualitionSédt also appears to be
describing carbon mitigation effects on other ecosystem services affecting climate change mitigation although the
section title is described a little differently. Because Section 4.2 appears to be focused on compabmgethnd
carbon mitigation results of this study to other studies, it might be better to have this section occur (perhaps a new
Section 4.1) before discussing the effects of laaged carbon mitigation on other ecosystem services in the later
subsections. Howevebbgcause the focus of the paper seems to be on the effects-bakedimitigation on other
ecosystem services rather than Roaded carbon mitigation per se, the text in this section tends to distract the
reader from those messages so that it mightdterbto have this text in a section at the end of the Discussion,
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The reviewer rightly points out that Table 2 should be moved to section 2.4 to introduce the relationship between
ecosystem service indicators and ecosystem services already at an earlier stage. We restructured the discussion
according to the logic of Tabl2. We agree that the carbon removal section 4.2. might distract a bit too much
from the main message of the manuscript and it is a good suggestion to move the (revisedjaulo the end
of the discussion.

By moving Table 2 to Section 2.4, the @nt general organization of the Results section would be okay, but it
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homed messaghesme Onme sist aagkee -basey catban mitigatm tegardlass df mitigation
approach:

- Reduces crop production
- Potentially improves water and air quality by reducing nitrogen loss

A seconhdo nfetba kneessage may be that the effects of carbon mitigati
on the miigation approach and sometimes depends on the particular implementation of the BECCS mitigation
approach:

- ADAFF tends to enhance climate change mitigation by enhancing evapotranspiration;

BECCS effects depend on lande projection with IMAGE/LPJImL tesdo reduce climate change mitigation by
slightly reducing evapotranspiration and MAgPIE/LPJmL tends to enhance climate change mitigation by slightly
enhancing evapotranspiration;

ADAFF effects on climate change mitigation by evapotranspiration changesarapp dominate in the
ADAFF/BECCS mitigation option.

- ADAFF tends to reduce climate change mitigation by slightly reducing albedo; BECCS tends to enhance
climate change mitigation by slightly increasing albedo; ADAFF effects on climate change mitigatitedo
changes appear to dominate in the ADAFF/BECCS mitigation option

- ADAFF tends to reduce water availability by slightly reducing runoff, BECCS effects depend on climate
change mitigation with IMAGE/LPJmL tending to enhance water availabilitgligitly increasing runoff and
MAgPIE/LPJmL tending to reduce water availability by slightly decreasing runoff; ADAFF effects on water
availability by runoff changes appear to dominate in the ADAFF/BECCS mitigation option

- ADAFF tends to increase floodqtection by slightly reducing peak runoff; BECCS effects depend on climate
change mitigation with IMAGE/LPJmL tending to decrease flood protection by slightly increasing peak runoff
and MAgPIE/LPJmL does not seem to have an effect on flood protectionFRR#ects on flood protection by
peak runoff changes appear to dominate in the ADAFF/BECCS mitigation option

- ADAFF degrades air quality by increasing BVOCs; BECCS enhances air quality by decreasing BVOCs;
ADAFF degrades air quality by increasing BVO@GE)AFF effects on air quality by BVOC changes appear to
dominate in the ADAFF/BECCS mitigation option

A t hi rhdo nietoa kree s sage might be that the i mplementation of a mitig
the temporal and spatial variability ohldbased carbon mitigation and its effects on other ecosystem services.

The reviewer nicely summarised the key findings of our study. A summary of the main iesirteed
necessary and was not put clearly in the first version of the manuscript. \Wedrélhe conclusion section 5
accordingly:

ATerrestrial ecosystems provide us with many valuable services
food provision, or flood protection. While substantial changes in ecosystem functions are ldetyrtovithin
the 2%' century even in the absence of ldmaked climate change mitigation, additional impacts are to be
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expected from land management for negative emissions. In all mitigation simulations, what might generally be
perceived as beneficigffects on some ecosystem functions and their services ((e.g. decreased N loss improving
water/air quality), were counteracted by negative effects on others (e.g. reduced crop production), including
substantial temporal and regional variations. Environna¢stdeeffects in our ADAFF simulations were usually
larger than in BECC, presumably reflecting the larger area affected by-dawmdr transitions in ADAFF.

Without a valuation exercise it i's not p thesotherbAll e t o
mitigation options reduced crop production (in the absence of assumptions about large techelategyyield

increases) but potentially improve air and water quality via reduced N loss. Impacts on climate via biophysical
effects and on waer availability and flood risks via changes in runoff were found to be relatively small in terms

of percentage changes when averaged over large areas, but this does not exclude the possibility of significant

i mpacts e.g. on the scale of | arge catchments. o
Additionally, we aimed to emphasize the implications of our main results when revising the discussion section.

3) The additional amount of carbon uptake related to the simulatedbéeed mitigation efforts estimated by the

study in the manuscript a0 to 60% less than the 130 Gt C presumed by the studies that developed the
IMAGE/LPJmL and MAgPIE/LPJmL landse projections. This discrepancy where the same-used
projections have such large differences in simulated carbon sequestration rates twggbst® are some major
differences in model assumptions between this study and the studies used to developube fanfbctions.

The manuscript seems to attempt to address this discrepancy in the Abstract, the Methods section, the Results
section ad the Discussion section which distracts the reader from what otherwise appears to be the main focus of
the manuscript, the effect of carbon mitigati-on act
homed messages t onalsieinthemanusceid. While themisdrdpancy &n carbon sequestration
rates should be addressed by the manuscript, the importance of the discrepancy needs to be related to the
objectives of the manuscript.

One possibility might be to indicate that lifere are tradeffs between landbased carbon mitigation and their

effects on other ecosystem services, then decisions would depend on the magnitude of carbon mitigation that
might be achieved to determine the worthiness of the mitigation activity. Thayebe, however, large
uncertainties in the amount of carbon sequestration that may be estimated for a particulae lprajection

based on assumptions used by various models and give the above example. Then describe some of the potential
differences inassumptions that might affect carbon sequestration estimates, such as part of the text in current
Section 4.2. As indicated in comment 2), this text may be organized into a section placed at the end of the
Di scussion with per hasfusptidnhon thé unteitamty éf Rimdéee carbdn mitigatibre | a
and its relative importance to other ecosystem servi

carbon sequestration used by the studies used to develop thestammojections drause it affected the
distribution of the projected land use, mention of the 130 Gt C in the Abstract is more confusing than helpful and
should be deleted. In addition, comparisons of the results of this study to the carbon results of studies used to
geneate the landise projections (including the comparisons of crop production) should be deleted from the
Results section and restricted to the Discussion section where the results of this study are compared to other
studies to provide perspective.

We agreethat focusing on carbon uptake, while being one of the ecosystem service indicators analysed in this
study, distracts from the main message. The differences in carbon uptake will be the subject of an upcoming
manuscript, but we as the reviewer think that some information should be already provided in the present
manuscript. We removed the 130 GtC target and the crop production numbers reported byuke fandels
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from the abstract and the results. abaidestructwingséctioy , we adapted

4.2 and placing it at the end of the discussion section:

n4. 7 Role of model as s u mipased mitigationcand inepbcatibns for othegy ¢casykseem vi a | and

services

Our simulations show that tradefs between C uake and other ES are to be expected. Consequently, the
guestion whether lanrtased mitigation projects should be realized depends not only on the effects on ES, but
also on the magnitude of C uptake that will be achieved. However, our study sugggstsethtél C uptake is

highly modeldependent: C uptake in the three lamased mitigation optionsin LFAUE S S é 0

4) In the Methods section, the authors describe how bioenergy crops, carbon capture and storage, and
afforestation are simulated in IMAGE/LPOmand MAgGPIE/LPJmL, but not LPGUESS. Yet, the carbon
dynamics in the analysis of the manuscript is being simulated bYGLIFESS using landse change projections
developed with IMAGE/LPImL and MAgQPIE/LPJmL. Thus, it would seem to make more relevardctibde

how LP3GUESS estimates carbon dynamics for bioenergy crops, the influence of N fertilizer application on
bioenergy crop production, carbon capture and storage, and afforestation rather thanuke landels in the
Methods section and perhaps raahe description of how these models estimate carbon dynamics of bioenergy
crops, the influence of N fertilizer application on bioenergy crop production, carbon capture and storage, and
afforestation are simulated by lande models to the Appendix in @t of how the landise projections were
developed.

We think that describing the assumptions made in thedaerdmodels is important to understand the resulting
landuse patterns in the mitigation scenarios and should thus be part of the main textPBGAESS
represents carbon dynamics and human management is described extensively in the cited literature and some
model features particularly relevant for this study are mentioned in the discussion (e.g. forest regrowth in former
section 4.2, now sectioh.7) or the Supplement (e.g. residue removal in Supplement A, CCS in Supplement B).
However, we expanded the LBIUESS description in section 2.1:

AVertical forest structure is accounted for bey the use
represented by prescribed fractions of five crop functional types (CFTs, see Table S1) which are moderately
tilled, fertilized, and harvested (Olin et al., 2015a), and are prescribed to be either irrigated ofedain

of

t h

di f f

(Lindeskog et al., 2013). Speciftlmener gy crops are currently not represented. 0

5) The second sentence of the Abstracbased amibtiitg aawkwarsd

prospect of success depends on potentialesiflef e ct s on i mportant ecwhatthet em ser vi
authors are trying to say here.

We rephrased the sentence:

AHowever, the accept dasedenitigatiod prdieetadepetds dnipatentialesifiectd oa n d
other important ecosystefunctions and theis e r vi ces . 0

6) The first paagraph of the Discussion seems more appropriate to be in the Methods section (Section 2.4) It is
also not c¢clear what the | ast sentence of this paragraph
mitigation simulations will occur in addin to the changes originating from climate change, increased
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atmospheric CO2, and nanitigation related LU/management changes over the century, thereby intensifying or

dampening the supply of ES to human dicExioestyisdse.nd sRRarvh apes t he
will be influenced by changes in climate, atmospheric chemistry and land use even in the absence of land

management for carbon mitigation. To separate thesenitigation effects from those effects associated with a

mitigation approachwe compare changes in ecosystem service indicators in the baseline simulations over the

21st century to the changes that occur when a mitigation approach is implementedaseshdnitigation may

potentially enhance or degrade another ecosystem sepvicdhhtu man soci et i es. 0

We moved the paragraph to section 2.4. The reviewer is right about the meaning of the last sentence of the
paragraph and we adopted the suggested revision to the sentence to make the statement clearer.

7) In section 4.1, it would probably be worthwhile to note that using an Earth System Model of Intermediate
Complexity, Hallgren et al. (2013) found that the unintended biogeophysical cooling effects of biofuels
production more than compensated for themiag effects associated with enhanced release of greenhouse gases
from the biofuels production at the global scale. This study also found that biofuel production had small impacts
on global surface temperatures, but had larger impacts on regional serfgoerdtures, such as the Amazon
Basin and part of the Congo Basin.

We included the following sentence in section 4.1:

AA model |l i ng ettau@0oL3) found thhawhile @lbedmeffects and C emissions from deforestation

for biofuel production might balance on the gl obal scal e, biopt

8) In section 4.1, it seems strange that the authors would discuseshanBVOCs as part of the climate

regulation via biogeochemical effects, but not changes in carbon storage, which would seem to be more
substantial. I'n addition, woul dnot changes in BVOCs and thei
calculatiors of the effects of overall changes in the carbon budget on warming?

The magnitude of C losses from BVOCs is relatively small. We added the following sentence to the paragraph:

r

ABVOC emissions also i mpact cl i ma tbet thel magrtede Isysmaby reducing terr
(<

0.5%) compared to total GPP. O

Ideally, one could estimate the total climate effect of all analysed ES indicators but as indicated in the text this is
particularly difficult for BVOCs. Additionally, we were only able to analysffects on some of the many ES
indicators that ecosystems provide. A calculation of the overall climate effect ebdeed mitigation is thus
beyond the scope of our study.

9) In Section 4.2, there are a couple of additional issues that might lsenicifig the discrepancies between-LPJ
GUESS and the target value (i.e. 130 Gt C) used in thedsednodels that seem to be missing from this
Discussion. First, is the 130 Gt C actually GO2r CO2 equivalent C? If the latter, then some of the 130 Gt C
could be greenhouse gases other than CO2 so that the discrepancy betw&&fElSS]and the landse models

may not be as bad as indicated in the text. Second, was there a dynamic linkage between LPJmL and IMAGE or
MAgPIE so that information on changes imdaproductivity and land management were passed iteratively
between the two models such as in Reilly et al. (2012)? Or was information just passed between the two models
nortiteratively, such as in Melillo et al. (2009)? The first approach would allowbfedd to potentially
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influence carbon sequestration whereas the second approach would not allow such feedbacks. By prescribing
land use, the carbon dynamics of FBUESS would not be influenced by potential feedbacks that might have
occurred if the landise models and LPJmL passed information iteratively to estimate different carbon
sequestration rates.

The 130 GtC are COg, not CO2equivalent. We clarified this in the introduction:

AfEach of these tar get,caborCatingdthegle8nBousd gaSes)(by thel epd oftie
century, which is approximately equivalent to the cumulative deforestatigne@@sions from the late 19
century to today, or around 60 ppice Quere et al., 2035 A

Information was passed nateratively between the largise models and LPJmL. We clarify this in section 2.2:

AThe LU scenarios were created usi ng dspgherioncompositiend assumpti ons ab

andsoci,ce conomi ¢ devel opment and thus did not include C cycle feed]
10) In the first sentence of Section 4.3, not <clear what #dArepl
variabilityo me a n s . replddind grasdlaads and tshrublansls, respextively, fiwith large

variabilityo This strange wording associated with fArespectivel

This is indeed what we meant. We changed the wording accordingly in such cases.

11) In the fourth sentence of the third paragraph of Section 4.3, the sentence is awkward and difficult to
under stand. I't might improve if the phrase fAThey found no | ong
AiThey did not ifginidf iac asnttatciosrtrieclaatliyo nso .

We changed the sentence accordingly.

12) In Section 4.4, the authors should relate the study results to Reilly et al. (2012) who found higher prices for
agricultural products due to mitigation costs of land, energy, and otl@rhgrese gas controls in their ADAFF

like (i.e. the No Biofuels scenario in Reilly et al. 2012) and ADAFF/BEQIKES(i.e. Energy + Land scenario in

Reilly et al. 2012), but did not find higher prices for agricultural products in the BHEEH.e. the Eergy

Only scenario in Reilly et al. 2012) scenario because the higher mitigation costs were offset by benefits of
avoided environmental damage to other ecosystem services.

We added the following sentence to section 4.4:

ASimilar r esul dbyReillywetal (B042 who foend that afferestation substantially increases
prices for agricultural products, while the cultivation of biofuels has little impacts on agricultural prices due to
benefits of avoided environmental damage offsetting higherm gat i on costs. 0

References

Hallgren, W., C. A. Schlosser, E. Monier, D. Kicklighter, A. Sokolov, and J. Melillo (2013)

Climate impacts of a largecale biofuels expansion. Geophysical Research Letters 40-16894 doi:
10.1002/grl.50352.

Melillo, J. M., J. M. Reilly, D. W. Kicklighter, A. C. Gurgel, T. W. Cronin, S. Paltsev, B.

9



10

15

20

25

30

35

40

S. Felzer, X. Wang, A. P. Sokolov and C. A. Schlosser (2009) Indirect emissions from biofuels: how important?
Science 326, 1397399, doi: 10.1126/science.1180251.

Reilly, J., JMelillo, Y. Cai, D. Kicklighter, A. Gurgel, S. Paltsev, T. Cronin, A. Sokolov and A. Schlosser (2012)
Using land to mitigate climate change: hitting the target, recognizing the tradeoffs. Environmental Science and
Technology 46(11), 5672679, doi: 10.102/es2034729.

Reviewer #2:

We thank the anonymous referee #2 for the helpful comments which helped to improve our manuscript further.
We revised the manuscript by accommodating the referee's suggestions as much as possible. In the following, we
provide air responsesa(itten in red,added text to the manuscript itglito the referee's comments (written in

black).

The manuscript quantifies potential carbon mitigation using land cover and land use change scenarios related to a
BECCS, an afforestatiorand combined scenario using the ¥PJESS dynamic global vegetation model. In
addition to quantifying carbon mitigation, they also quantify changes in a variety of ecosystem services that LPJ
GUESS variables can roughly be related to, including albedmsbes, biodiversity, run off, etc. Given the
importance of carbon management in mitigating climate change, this manuscript is very useful to have in the
literature to provide a context for evaluating tradfs.

We are happy the reviewer acknowledgessifaificance of our study.
My main comments are:

1. The work is all modeling based and so the performafd¢ke model under present day conditions and the
uncertainties moving into the future are quite important but are neglected. It would betoalpfektigate these
uncertainties more formally, or to add a section in
be of highest importance and what should be done to reduce the uncertainties.

We agree with the reviewer that uncertas should be investigated. LBUESS has been confronted against a

wide range of local to global scale observations, and model performance has been reported extensively in many
of the previously published studies. We therefore added a breefpren tlese to the paper but refer the reader
mainly to these other papers. We also provide two additional figures:

fi 4 . Modelling uncertainties under presetiy and future climate

The ES indicators analysed in this study are subject to uncertainties arismgkfrowledge gaps, simplified
modelling assumptions, and the need to use parameterisations suited for global simulatieB&JEFS has
been extensively evaluated against presiyt C fluxes and stocks, both for natural and agricultural systems, at
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site sale and against global estimates (e.g. Fleischer et al., 2015;Piao et al., 2013;Pugh et al., 2015;Smith et al.,
2014). The use of forcing climate data from only one climate models can be a major source of uncertainty as
shown by the large variability in fure terrestrial C stocks introduced by different climate change realisations
even for the same emissions pathway (Ahlstrom et al., 2012). As we ufeeHere emission scenario RCP2.6

we expect this effect to be relatively small. The albedo calculatidhis study was not used previously but
patterns simulated by LFGUESS under presedfy conditions (Fig. S5) broadly agree with Fig. 3 in Boisier et

al. (2013). Evapotranspiration and runoff in LPJ were evaluated by Gerten et al. (2004). Globalutoifl r
calculated in this study for the 198D90 period is 26% higher than their results. Simulation biases against
global estimates and observations from large river basins in the Gerten study were mainly attributed to
uncertainties in climate input datnd to human activities such as LUC (which is now accounted for) and human
water withdrawal. Spatial runoff patterns as simulated by the current®@BESS version (Fig. S6.) seem to

reveal some improvements compared to the biases reported in Gerte(2604).in mid and high latitudes, but

the model still overestimates runoff in parts of the tropics. With respect to crop production, simulated crop yields
in LPJGUESS are constrained by N and water limitation, but not by local management decisions, crop
varieties/breeds, diseases and weeds (Lindeskog et al., 2013;0lin et al., 2015b). While we accounted for these
additional restrictions by scaling simulated presday yields to observations, adopting the original {GUESS

yield variations into the futurenight create substantial biases in simulated changes in crop production. Global
N-leaching rates are highly uncertain but the annual rate simulated with@GIPESS (if all N losses are
assumed to be via leaching) is within the range of published studiese{Gll., 2015a). For BVOCs, global data

sets for evaluation are not available (Arneth et al., 2007;Schurgers et al., 2009). Spatial emission patterns are in
good agreement to other simulations (Hantson et al., 2017).
While LPIGUESS has thus been evakthias comprehensively as possible a further next step forpnodiess
evaluation would be adopting a formalised benchmarking system that allows also to score model performance
(Kelley et al., 2013). Likewise, large uncertainties reside in the actual L.UMich differ to a large degree in

their estimates of main land cover classes for the present day (Alexander et al., 2017;Prestele et al., 2016), and
for whi

ch

evaluation

against

observations

has been i

2. | agree with the second reviewer that it is somewhat confusing to have the IMAGE and MAGPIE models run
with LPJml, and then for this publication to use ¥BPUESS. | understand that the IAM models needed a
terrestrial biosphere model to generate thal-lase change scenarios, but its not clear whether you want to
compare with the LPJml results, or whether to simply use the land cover/land use change scenarios as driver data

for LPJGUESS.

Most of the analysed ecosystem service indicators were not seauégported by the LUMs so we used LPJ
GUESS to analyse impacts on a wide range of ecosystem services within a consistent modelling framework. In
cases where the output was also available from the LUMs we made a comparison te@¢H3S) results. We

mack this clearer by including the following statement in section 2.4:

A Wit h

t

he

exception

of

c

removal

and

crop

production

We also made it clearer that our results are-GRESS output by using the termh®JIGuace and LPIGagrie
instead of IMAGE/MAQPIE when referring to results from EBUWESS simulations driven by IMAGE and MAgPIE land

use patterns.
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3. The implementation of land cover and land use change HGUEBSS is a bit vague. Pleageecify
i) if gross or net land cover change transitions are used, ii) if wood harvest is considered, and iii) whether product
pools are included.

While it is now technically possible to simulate gross transitions iRGBESS(Bayer et al., 201)7 the LUMs
in this study used only net transitions. Wood harvest was not reported by the WWé#vteade this clear in the
scenario description section 2.2:

ALUC was provided by the LUMs as net | and cover transitions.

provided by the LUMs. 0

LPJGUESS represents a product pool. We added the followingreento the LRGUESS description section
2.1:

AWhen forests are cleared for agriculture, 20% of the woody
years), with the rest being oxidized (74%) or transferred t
References
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Abstract. Land management for carbon storage is discussed as being indispensable for climate change mitigation because of
its large potential to remove carbon dioxide from the atmosphere, and to avoid furtlssioemifrom deforestation.

However,the acceptanceand feamility of landbased mitigatiod-s—p—+—o-s—p—e-@ibjecisdepersds an atential side

effects onotherimportant ecosysterfunctions and the services. Here, we use projections of future land use and land cover

20 for different landbased mitigation options from two lande models (IMAGE and MAgGPIE) and evaluate their effects with
a global dynamic vegetation model (-BUESS). In the landse modks, a-cumulativecarbonremovaltarget-of-130-GtC
by-the-end-of the Zlcenturywasset-to-beachieved either via growth of bioenergy crops combined with carbon capture and

storage, via avoided deforestation and afforestation, or via a combination of¥®ttompare these scenarios to a reference

scenario without lantbased mitigation and analyse the HBUESS simulations with the aim to assess synergies and trade

25| offs across a range of ecosystem service indicators: cadaprestraticstorage surface dledo, evapotranspiration, water

runoff, crop production, nitrogen loss, and emissions of biogenic volatile organic compounds.

In our mitigation simulationgumulativecarbonremevatstorageby year 2099 ranged between 55 and 89;Gt@&Hthus

ower—than—tle—removal—Bnaulated—by—the landise—medels Other ecosystem service indicators were influenced

30 heterogeneously both positively and negatively, with large variability across regions andséarsdenarios. Avoided
deforestation and afforestation led to an increase in evapotranspiration and erdmaissémhs of biogenic volatile organic
compounds, and to a decrease in albedo, runoff, and nitrogen loss. Also crop prodeetersedould decreasin the

afforestation scenarioas a result of reduced crop area, especially for MAgPIE-lesedpatters if assumed increases in
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crop yields cannot be realizeBioenergybased climate change mitigation was projected to affect less area globally than in

the forest expansion scenarios, and resulted in less pronounced changes in most ecosystem setuisetliadidarest
based mitigation, but included @ossibledecrease imitrogen loss crop productionpitregen—essand biogenic volatile
organic compounds emissions.

1 Introduction

If the trend in global carbon dioxide (GQemissions observed over thest two decades continues, the atmospherig CO
concentration is expected to exceed 900 ppm at the end of thee@tury resulting in a surface temperature increase of
several degree@riedlingstein et al., 2014.e Quere et al., 201%eters et al., 20)3However, during the COP21 climate
confaence in Paris 2015, participating parties agreed to limit global warming@oc2 less relative to the preindustrial era,
and by today46-164 countries have ratified the agreemehttf://unfccc.int/paris_agreement/items/9485.phpcessed

1217 May-September2017). The <2°C warming goal requires greenhouse gas (GHG) concentrations to approximately
follow or stay below the representative concentration pathwayR32.6, van Vuuren et al., 201which will require
serious reductions in GJand other GHG) emissions across all sectors. Present projections indicate that witktarit&l
net negative C®emissions later during this century the Paris goal will not be achieyiebés et al., 2014Rogel;j et al.,

2015, and that some negative emissioredto be realized in 120 years alreadfAnderson and Peters, 2016

The total carbon dioxide removal (CDR) necessary to achieve tBdé@Qethas-been-estimated-to-be-atleastb-GtC-by
j y i 13 iS typically around ©0-230 GtC(Rogelj et al.,
2015 Smith et al., 2018 depending on theetualfuture CQ emission pathway and including the need to avoid carbon (C)

emissions from further land clearance. Two main strategies ofdaseld climate change mitigation are commonly discussed
for CDR: growth of bioenergy crops in combination with carbon capturestmmdge (BECCS), and avoided deforestation in
combination with afforestation and reforestation (ADAFRumpendder et al., 201%an Vuuren et al., 2013Villiamson,

2016. BECCS involves the planting bfoenergy crops or trees, which are burned in power stations or converted to biofuels,
and the released G®eing captured for lorterm underground storage in geological reservoirs. ADAFF utilizes the natural

C uptake of forest ecosystems in biomass ailhg maintaining and expanding global forest area.

The total land demander—and spatial patterns dhese mitigation strategies—are highly uncertain due to strong

dependencies on underlying assumptions about future environmental anésmuimicchangegBoysen et al., 201 Popp
et al., 2017 Slade et al., 20)4BECCS and ADAFF will likely increase pressure on fgmdducing agricultural areas and,
in the case of BECCS, natural ecosystems. Moreover, similar to other mitigation technologiesctiesility—feasibility
and effectivity-effectivenesof BECCS and ADAFF are debatéleller et al., 2014 Williamson, 201§. For instance, in
boreal and many temperate regions tree cover reduces surface albedo, thereby causing loca(Aleamimgnd Cescatti,
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2016. Additionally, reduced C@emissions through forest protectiamd expansiommight be counteracted by cropland
expansion in nofforest areagPopp et al, 2014. BECCS willereatancludes substantial economic costs in its CCS
component (Smith et al., 2016) anddisrrently far from being deployable at the commercial sd#eters et al., 2017
Reiner, 2015 It will also require sufficient safe geologic C storage capacii8zott et al., 2016 Additionally, the
efficiency of BECCS might diminish when C emissions from deforestgWdtishire and DavieBBarnard, 201por nitrous
oxide (N;O) emissions from bioenergy crofSrutzen et al., 2008&re considerefwith the latter often being accounted for
in BECCS scenarios, e.g. Humpendder et al., 2014

But even if lanebased measures were to be successful with respect to their primary goal of permanently and substantially
reducing atmospheric GQevels to mitigate climate change, impacts on ecosystems and societies are likely to be complex
(Bennett et al., 20Q0Creutzig et al., 2015Foley et al., 2005Smith and Torn, 2013Smith et al., 2013Viglizzo et al.,

2012 and include effects far away from the original larsk (LU) locationDeFries et al., 2004Rodriguez et al., 2006

The multiplicity of environmental implications caused by lasgale CQ removal have so far been largely neglected
(Williamson, 201§. The relevance of negative emission technologies, combined with our limited knowledge of their
feasibility and risks, encourages the exploration of potential synergies anebtimtbetween terrestrial ecosystem services

(ES, defined as benefits that people obtain from ecosystems; MEA) ®@%re affected in larbased mitigation progs.

Such work will facilitate decisiomaking as to whether the realization of such projects is desirable for society.

In this study, we utilize projections of future LU from one Integrated Assessment Model (IAM, IMAGE) and one LU model

(MAgPIE), that ae created based on three lasgale lanebased mitigatiorseenariosptions (BECCS, ADAFF, and a

combination of both)Each of these target a CDR of 130 Gt@ly CO,-carbon.omitting other greenhouse gasby)the end

of the century, which ispproximately equivalent to the cumulative deforestation €@issions from the late T&entury to
today, or around 60 ppifLe Quere et al., 20)5We use these spatially explicit LU patterns as input foukitions with the
LPJGUESS dynamic vegetation model to amaleffects on a variety of ecosystem functions that serve as indicators for

important ecosystem serviceBy using LU patters from two different LU models w&ploresome ofthe uncertaintyin

indicators ofES arising fromdifferent model assumptiorncerningthe land demand of ladoased mitigationThe main

researchyuestions weddress in this studyre

4. Whatarethe impacs of land management fmarbonuptakeon otherecosystem servidedicators D | Formatiert:  Listenabsatz, Nummerierte
Liste + Ebene: 1 +
Nummerierungsformatvorlage: 1, 2, 3,

5. Do the effects of lanthasedclimate changemitigation on ecosystemservice indicators differ based on the

e P é + Beginnenbei: 1 + Ausrichtung:
mitigation approacBECCS ADAFF, or a combination of bojR Links + Ausgerichtetan: 0.63 cm +
6. If so, can amitigation approactbe identifiedin which tradeoffs betweenother ecosystem servicimdicatorsare Einzugbei: 1,27 cm

lesspronouncedhan inthe other approads?

7. What are the spatial and temporal patterns of the impacts ebisetl mitigation on ecosystem service indicators? | Formatiert: ~ Schriftart: (Standard)
+Textkorper (Times New Roman)
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This is to our knowledge the first time that global LU scenéafios

in-beth-eases-LPJmlgre being used as input to a proekased ecosystem model to assess changes in ecosystem function
and effects omultiple ES indicators.

2 Methods

2.1 LPJGUESS

The processd-based dynamic global vegetation model (DGVM) {BUESS simulates vegetation dynamics in response to
climate,land-use changellUC), atmospheric C®and nitrogen (N) inpuOlin et al., 2015aSmith et al., 2014 The model
distinguishes between natural, pasture and croplanddawer types (Lindeskog et al., 20)3 all of which include GN
dynamics(Olin et al., 2015a Smith et al., 201} Vegetation dynamics in natural land cover are characterized by the
establishment, competition and mortality of twelve plant functional types (PFTs, ten groups of tree species, C3 and C4
grasses) in a number of replicate patches (10 in this study fomnyriwegetation, 2 for abandoned agricultural areas).

Vertical forest structure iaccounted foby the use of different age clasges woody PFTs. When forests are cleared for

agriculture, 20% of the woody biomass enters a product pool (turnover tinseyefaPs), with the rest being oxidized (74%)

or transferred to the litter (6%JPastures are populated by C3 or C4 grasses which are annually harvested (50%-of above

ground biomassjLindeskog et al., 2013 Croplands are represented by prescribed fractions of five crop functional types
(CFTs, ®e TableA1Sl) which arefertilized; irrigated-moderatelytilled, fertilized, and harvestegOlin et al., 2015p and
are prescribedto be either irrigated or raiafed (Lindeskog et al., 2093 Specific bioenergy crops are currently not

represented While LPJGUESS does not assume yield increases due to technological progress (in contrest to
LUMs|IMAGE and MAgPIB), climate change adaption is simulated by using a dynamic potential heat unit (PHU }ticaicula

(Lindeskog et al., 2093 The PHU sum needed for the full development of @ atetermines its harvesting time. For
irrigated crops, water supply is assumed tcabailable as required to fuliil he pl ant 6s water demand. Unmanaged

grass (C3 or C4 type depending on climate) is allowed to grow in croplands between growing seasons.

2.2 The IMAGE and MAgPIE models and the provided landuse scenarios

IMAGE is an IAM model framework that include several suinodels representing the energy system, agricultural
economy, LU, natural vegetation and the climate syst8tehfest et al., 20)4 Sociceconomic parameters are usually
calculated for 26 world regions, and most environmental parameters are modelled on a 0.5° x 0.5° grid thharsteps.

LU dynamics are driven by demand for and supply of crops, animal products and bioenergy. Bioenergy demand to achieve a
specific CDR target is determined by the energy systermmdel which uses land availability from the LU sulodel

following a set of sustainability criter{étdloogwijk et al., 2008 For this study, bioenergy crops are included as fast growing
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C4 grases (Doelman et al., submitted) as these produce higher yields than woody plants in many locations. The level of

agricultural intensification required to free up land for afforestation to achieve a specific CDR target is estimated using a
stepwise approachf increasing yields and livestock efficiencies. This implies that reduced crop and pasture areas go with
higher yields and livestock efficiencies, thereby allowing the same food production as in the baseline. Afforestation is

assumed to occur first inigrcells with high potential for forest growth. IMAGE also represents degraded areas (calibrated

so that, together with areas cleared for agriculture, FAO deforestation statistics are met) which can be reforestéd as part o

the afforestation activities (2dman et al., submitted). Natural vegetation regrowth trajectories and also crop yields, C and
water dynamics are modelled dynamically by B&\V/M-internally coupledGVM LPJmL (Bondeau et al., 200 Btehfest
etal., 2014

MAgPIE is a global multregional partial equilibrium model of the agricultural sectastzeCampen et al., 200&opp et

al., 2014. The model aims to minimize the global tofor agricultural production throughout the®2dentury at a §ear

time step (recursive dynamic optimization) and is driven by demand for agricultural commodities and associated costs in ten

world regions. The cost minimization is subject to variouatiafly explicit biophysical factors such as land and water
availability as well as crop yields (provided by LPImMajor options to fulfilincreasing demand are intensification (yield
increasing technologies), expansion (Ekang€) and international tde. Demand for CDR enters the model at the global
scale, while the spatial distribution of bioenergy production or afforestation is derived endogenously in the modelginvolvin
economic and biophysical factors). Bioenergy demand is fulfilled chiefly threlwg growth and harvest of grassy energy
crops; woody bhioenergy in this study is grown only on less than 1% of the area used for bioenergy. Actual bioenergy yields
are derived from potential LPIJmL yields (using information about observed LU intensityagmiltural area for
initialization) but can exceed LPJmL yields over time due to technological pragtesgpendder et al., 20)14Afforestation

is assumed to occur as managedn@vth of natural vegetation accordinggarameterizegparametesed s-shaped growth

curves towards a maximum potential natural vegetation C density as provided by LPJmL, with soil C increasing linearly
towards its potential maximum within 20 yegkdumpendder et al., 20L4For simplicity, we refer to both IMAGE and
MAGgPIE as LU models (LUMS) in the following.

As input to our study we ugehe baseline projectior(svithout landbased mitigationfrom IMAGE and MAgPIE, and three

land-based mitigation scenarios, each calculated by both LWigh-were—allbased on the assumption of a cumulative
CDR target of 130 GtC by the waes&nachievédovia bioedergy plaht eultivatboi &€ S 0
subsequent CCs, t hirerolvdil-AnDdS Maintaising eanda expandingf-global forest areaand in
ABECEBAFFO t he @8R fullledimaequdl parts via both options. While the CDR &trin ADAFFwasis
achievedvi a terrestrial C upt aket (@8dDdRpog, in@ECCSE ignedis &uffilieddsolelyGria + e
CSSCCS (CDR = cumulative CCS) and thus did not account for changes in vegetation and soil C. The baseline scenario

( A B A Sravpdinvolves no landbased mitigation buanduse-changelUC) teektakesplace in response-te-gamong
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othersincreasing food demandgpendent on population ai@DP growth-and-technological-changest UC wasprovided
by the LUMsas netland covertransitions Wood harvestvas not accounted fan the data providetly the LUMs All of

thesescenarios were developed with RCP2.6 climate produced by theORESIA-LR general circulation model (GCM),
bias corrected to the 196M®99 historical periodHempel et al., 2003 The LU scenarios werereatedusing harmonized

assumptions about climate change, atmospheric composatiohsocieeconomic development and thdil not includeC

cyclefeedbacksAs it seems currently unlikely that the RCP2.6 pathway can be achievezutvdthy lanebased mitigation
(Fuss et al., 20)4the BASE scenario should rather be regarded as a diagnostic scenario to isolate the LU effects induced by

the mitigation scenarios from other factors. J€xtilization effects on plant growth were simulatedtime LUMs & <cr op

growth and vegetation models. BotftuMs harmonized their cropland and pasture LU patterns to the spatially explicit
HYDE 3.1 datase{Klein Goldewijk et al., 201}Lin the year1995 (MAgGPIE) or 2005 (IMAGE), with smalbifferences
deviationsin the area oflifferentthe land cover classes occurring due to different land masks and calibration rottiees.
simulation period was 1972100 in IMAGE and 19952100in MAQPIE. Socioeconomic developments as input to the

LUMs were based on the Shar8dcice conomi ¢ Pat hway 2 ( SE8mMeiletad 01dRbppetalof t he
2017. We only used spatially explicit LU and land managementgétibn and synthetiend-plus organic N fertilizer)

patterns from thé.UMs as input to the LRGUESS simulations; other variables also available from theMs (e.g. C
stocks or crop production) were calculated with {GUESS. Details about the conversion of IMAGE andAgRIE
MAQPIE-LU data to LPJGUESS input data can be foundtie-AppendixSupplemenA.

Even though MAgPIE and IMAGE derive crop yields and C densities from the same GRNNL; Bondeau et al., 2007

the land demand to meé¢ihe same CDR target is larger in IMAGE than in MAgQPIE. This reflects different model
approaches: While in IMAGE bioenergy cultivation can only be established in unproductive regions not needed for food
production, in MAgPIE there is a competition for lahdtween food production and labdsed mitigation. Concerning

afforestation, managed regrowthccording to prescribed growth curydés assumed in MAgPIE while in IMAGE natural

suecessiomegrowthdynamically calculated within LPImL is implemented. Conserly, bioenergy production in MAgPIE
is located in regions witmostly higher yields compared to IMAGE, and forest regrowth occurs at a faster rate, resulting in
less LUCandmitigation actions startintaterin al-the MAgPIE scenarios (Fig. 1, Tabl2S2). In the BASE scenario, the

area under natural vegetation decreases throughout the future for both IMAGE and MAgQPIE (Fig. 22%apleéut more
so for IMAGE due to the representation of degraded forests (which are tresteshaggrasslandn IMAGE, seeappendix
Supplement). Substantial regional differences between both LUMs exist by the end of the century in the BASE scenario
(Fig. 2a). Avoided deforestation and afforestation in the ADAFF scenariasientratedhiefly locatedn the tropicqFig.

2b) and afforestationtypically takes place on pastures degraded forests IMAGE but on croplands in MAgQPIE (Table

2¢)-butinereasesfor BECCBDARF(Fig—1Bioenergyproductionareain BECCSis increasednainly at the expense of

natural vegetatiom IMAGE but taken also fronexistingagricultural landn MAQPIE. Total cropland area increasasthe
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scenario combining both strategies (BECABAFF) compared to BASE for IMAGHbut decreases for MAGPIE BECES
ADAFF (Fig. 1) IMAGE uses a slightly larger gritist than MAgPIE and accounts for the water fraction of a-gett but
as the impacts on larshsd mitigation in LPJGUESS turned out to be small (<2 GtC over the simulation period) we only

included gridcells in our simulations for which LU data was provided by both LUMs (assuming 100% land cover) to

facilitate comparison of the results.

2.3 Simulations setup

The LPIGUESS simulations were forced by daily atmospheric climate variables (surface temperature, precipitation, short
wave radiation) extracted from biasrrected simulated IPSCM5A-LR RCP2.6 climate (195Q099) from the first phase

of ISI-MIP project(Warszawski et al., 20)4For the historical period we ranaidy chose years from the period 195959

to generate climate data for the years 12049. A repeating climate cycle from the 190830 period was used for the
mo d e | 6up. Temlbbal average surface temperature increase inMREA-LR is 1.3°C (1.6°C on land) by the end

of the century (2072099) compared to preseddy (19862009) for RCP2.6. This value is in the middle of an ensemble of
a wider range of GCM models used in-I8IP (Warszawski et al., 20)4 Historical (19012005) and future (RCP2.6,
20052006-2099) atmospheric CAOmixing ratios were taken from Meinshausen et(3011). The year 1901 value (296
ppmv) wasused for the spiup. Future atmospheric G@nixing ratio peaks at 443 ppmv in year 2052 and drops to ~424
ppmv by the end of the centu¢ieinshausen et al., 20L1Gridded N deposition rates were available as decadal monthly
averages for the historical @rfuture (RCP2.6) periofLamarque et al., 201@amarque et al., 2011N deposition for year
1901 was used for the spup. Spatially explicit LU patterns and N fertilization were adopted from IMAGE and MAgPIE
(see alsppendixSupplemeni). We used the year 1901 land cover map for the-apirthereby omitting LUC occung
before the 26 century as we assumed legacy effects frora®@01901 LUC on the future C cycle to be small.

2.4 Analysed ecosystem service indicators

We analged the implications of future LU patterns for the following ES indicators: C storagen (asliaator for global
climate change mitigation), surface albedo and evapotranspiration (indicators for regional climate effects in respdnse to lan
cover change), annual runoff (indicator for water availability), peak monthly runoff (indicator for flood protection), crop
production (excluding cotton, forage crops, and pasture harvest; indicator for food production), N lossGUESI
currently notdifferentiated into dissolved Ms.N lost to the atmosphere; indicator for water or air quality, or GHG losses),
and emissions of the most common biogenic volatile organic compounds (BY@0gfene and monoterpenes (indicator

for air quality). With the exception ofC storageand crop productiothese variables were not available fréime LUMSs.

Most ef-thesevariables are direct outputs from L-BUESS simulations. Calculations for ES indicators not taken directly
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from model outputs (C storage via CCS, crop production scaled to EarthStat, albedo) airdiffers the standard model
setup (BVOCs) are provided in tie@pendbSupplemenB-E.

OurTheanalysed ES indicators can serve as proxies for several ES tmkedhan welbeing in-seme-cases,ES-indicators
5| eeuld-be-interpreted—as proxiesfor several H8ble 1 gives a qualitative overview how these ES indicators and

corresponding ES are interlinked. We do not aim to value and rank individual ES indicatdhsisido not assess here how

relative changes could be differently prioritized in decisioaking for land managementvhile this is certainlftoo simple

of ageneralization for fully assessing the implications of such scenarios, ranking or prioritidivigiial ES indicators is a

substantial challenge, which is beyond the scope of this study. A given relative change can be more crucial for some

10| indicators than for others and their importance can also vary across ragipsirties concerneBES will be influenced by

changes in climate, atmospheric chemisayd LU even in the absence of land managementCfanitigation. To separate

these nommitigation effects from those effects associated with a mitigation approach, we cdropanges irfESindicators

in the BASE simulations over the 2icentury to the changes that occur when a mitigation approach is implemented. Land

based mitigation mayhus potentially enhance or degradSs to human societied

15

3 Results

I'n the foll owi nlPJGudeieGCER x RIS b bHhgBIEOR r ef er to rGUESBI ts from LPJ
20| simulations driven by LU patterns frothe IMAGE and MAgPIELEUMs, plusclimate, CQ, and N deposition from RCP2.6.

In-the-discussien-sectionAl some points we refer to output directly taken from the IMAGE and MAQPIE scenarios

whi ch case t hi sinthesoriggal pduitsirectly from theltUMst/teelUMsfie por t o) .

3.1 Carbon storage

Total global C pools simulated with LRGUESS are generally lower fPJGyaceMAGE than for LPJGaqpieMAGRIE

25| LU-patterns for all scenarios (Tablé2, Fig. AtaSla). This difference is mainly a result of the representation of degraded
forests as grasslands #AGE-IMAGE-LU patterns (see Table2S2), while MAgPIE does not include degraded forests.
Moreover, some temperate croplands that are specified MAlgg2lE-M AgPIE-LU patterns to grow fodder are represented
in LPJGUESS by rairfed or irrigated, harvested grass. This crop type increases soil C relative toccepeabecause the
larger belowground/abovegroundbiomasgatio results in less C being remowveiring harvest and thus more C input to the

30 soil. C sequestratiois calculated by LRGUESS for both BASE simulations within the®2dentury, resulting in total C
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pools of 1995 (PJIGyace MAGE) and 2047 I(PJGyaqpieMAGPIE) GIC by 20962099 (Tablel2). Thecombined effects of
LU, changing climate, N deposition, and atmospherig @@els thus enhance total C pools4l.7%and 3.2% (33 and 64
Gt) between the beginning and the end of the century (Fig. 3a).

As expected from the overall scenario objective, total, vegetation, and soil C pools are higher in the ADAFF sirthdations
relative to the respectivie-BASE at the end of the century (Talig, Fig. AtaSlac). The additional C uptakier ADAFF

is larger forLPJGuacetMAGE (3.6% or 72 GtC in year 2098099, 76 GtC in year 2099) than foPJGyagpieMAGRIE

(2.4% or 49 GtC in year 2098099, 55 GtC in year 2099, Fig. 3b). This reflects the larger afforestatiornadeaarlier
afforestation activigsin IMAGE (Fig. 1, Fig. 2b). The largest changes in total C are found in tropical regions, especially in
Africa (+15% and +9%, Fig. 4byespectively andor tropical forests (+13% and +8%, Fig2bS2h, -mostly due to

increass in vegetation ~thetotal C uptakeof 76-GtC-in IMAGE ADA ompared-with-the BA mulation- (55

The BECCS scenario focusing on bioenergy crops and CCS as a climate change mitigation strategy removes slightly less C
from the atmosphere than ADARBeth-compared-to-BASE-20999)for LPJIGyaceMAGE-LU-patternsbut removes

more C forLPJGuapieMAGPIE (Table 12, Fig. 3c). InterestinglyLPJGuace MAGE ADAFF accumulates more C than
LPJIGuacetIMAGE BECCS within the first half of the century, while BEC@Sthen-catehingatctesup during the second

half of the century (FigAZaSla); this acceleration ofhe BECCS sink is related to a steady increase inebiergy area
throughout the century. The additional total C storage achieved by the perio@ @2@®Qcompared to BASE 202099) is

66 GtC (74GtC in year 2099) fot.PJGyaceMAGE and 61 GtC (69 GtC in year 2099) foPJGyaqpieMAGPIE. Within

these totals, cumulative C storage via C@8rvested C from bioenergy crops)100 GtC and 74 GtC by the end of the

century (Tablet2), but total C uptake is less thaomulativeCCS as LPJGUESS simulates a loss of vegetation and soil C

from expanded agricultural land. C storage in the combined bioenergy/avoided deforestation and afforestation case (BECCS
ADAFF) mest-of-the-timmostly lies between the BECCS and the ADAFF casefbulPJGuacetMAGE exceeds both

ADAFF and BECCS by the end of the century (TallleFig. 3d, FigAtaSla Fig. A3S3).

3.2 Albedo

Globally averaged January albedo under predagtconditions is significantly higher (~0.25) than July albedo (~0.18) due

to the extensive northernemisphere snow cover in January. Both values decrease throughout' ten@ity in the BASE

30| simulations, but more so for Januard.(% and-3.7% for LPIGuacetMAGE—+espectivelyand LPJIGya.p eMAGPIE,

respectively than for July {1.7% and-1.8%) as a result of northward vegetation shifts and reductions in snow cover (Table
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12, Fig. 3a, FigAldSld-e). Regionally,Ffor both months and both LUMs, greatest reductions occur in high latitudes (Fig.
4a).

An increase in forested area as in the ADAFF scenario results in further albedo reductions- thiateast for July albedo
comparable in magnitude to the changes in BASE throughout the century £2ablg. 3b). Only small increases compared

to BASE occur in the BECCS simulations (Fig. 3c) as the land demand for bioenergy crop cultivation is relatively small.
BECCSADAFF results in a decrease in January and July albedo for both LUMs.

3.3 Evapotranspiration

Global evapotranspiration in the BASE simtibns decreases much more foPJGyacetMAGE (-1.2%) than for
LPJIGuagpieMAGPIE (0.1%; Tabled2, Fig 3a, Fig.ALfS1f) due to differen deforestation ratesThere is large spatial
variability with evapotranspiration decreasing in some regions but increasing in others (Fig. 4a), mainly driven by shifting

rainfall patterns (not shown).

As expected from the generally high evapotranspiration rates of foredtsf-eantury evapotranspiration in ADAFF is
2.1%and 1.3% higher than in BASE faPJGyacetMAGE andLPJGapieMAGRIE, respectively (Fig. 3b), with the largest
increase occurring in Africa (Fig. 4b). BECCS results in a change.4% and +0.2% foLPJGyaceMAGE —+espectively
andLPJGyagrieMAGPIE, respectivelyand BECCSADAFF in an increase df.3% and 0.8% compared to BASE.

3.4 Runoff

In the BASE simulations, global annual runoff increases by 4.9% and 4r1i%by the end of the century fatPJGyace
IMAGE—respectivelyand LPJGpieMAGPIE, respectively,with a slightly larger increase of 5.2% and 5.0% in peak
monthly runoff (Tablel2, Fig. 3a). This increase is mainly driven by precipitation changes, but forest loss and increased
water useefficiency simulated under elevated €l@vels also play a role. Similar to evapotranspiration, spatial patterns are
heterogeneous, with generally larger changes in annual runoff than in peak monthly runoff in high latitudes and reverse
patterns in partsfdghe (sub)tropics (Fig. 4d&ig. A2aS29.

Changes in runoff in the mitigation simulations are opposite to evapotranspiration changes-(rigigdibc), and the
effects of lanebased mitigation on annual runoff are often larger than on peak monthly runoff. ADAFF reduces annual
runoff by 2.2% and 1.1%.LJGuaceMAGE and LPJGapieMAGPIE) and peak monthly runoff by 1.3% and 0.7%, while
BECCS increases analurunoff by 0.3% and 0.2% and peak monthly runoff by 0.2% and 0.0%.
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3.5 Crop Production

Globally, total crop production simulated by -BUESS averages ~29 and 27 Ecal gver the years 2062009 and
increasesy 24% and 64%o 36 and 45 Ecal yrby the end of the century for thePJGyace MAGE—respestivelyand

LPJIGuagrieMAGPIE; -BASE simulatiors, respectively(Table12, Fig. ALiSli)-while-it-increasesby-78%-and-96%-in- the
eriginal-EUM-—results (for comparison, the increase is 78% and 96% in the original IMAGE and MAQPIE results,

respectively) The large differences in crop production increase betweeGyace MAGE andLPJGuaqpieMAGRIE can be

explained by variations in management and crop types whether the LUMs assume C3 or C4 crops to be grown in
certain regions), and the area and location of managed land, which differs considerably by the end of the century, especially
in Africa (Fig. 2a). Sensitivity simulations in which N fertilizer eaf cropland area, atmospheric £fixing ratio, or the

dynamic PHU calculation (i.e. adaption to climate change via selestii@plecrop varieties, see Sec2.1) were fixed at

year 2009 levels indicate that around 62% and 3990 GuacetMAGE andLPJGapieMAGPIE, respectively of the crop
production increase in the BASE simulations can be attributed to increases in N fertilizer rates, 22% and 74% to cropland
expansion, 26% and 10% to increased atmospherideé®€ls, and 9% and 4% to dynamic PHU cédtion (Fig.A4aS4a).

The numbers do not add up to 100% due to-livear effects, interdependencies between variables (crop area/fertilization)

and additional influencese did not analse (e.g.climate, N deposition, crop types and irrigatier-eid-net-analse.

Crop production calculated with LFAUESS is reduced in all mitigation simulations compared to BASE, by contrast to a set
requirement in the LUMSs to retain annual production at similar levels to BASE: In the LUMs this is achieuegh trurther
technology increaseor example through improved management, inputs, pest control, better crop vacetgsgred to
BASE. The decline simulated in LIGUESS, which is larger fotPJGyagpieMAGRPIE than for LPIGuacetMAGE,
especially for ADAFF (LPJGuacettMAGE -3% for the 2092099 period compared to 202099 BASE;

LPJGuagrieMagPIE -35%), occurs because-LPJGUESSwe-capture only yield increases achieved through higher N

input, and-thugvhich only coves a part of the additional technological yield increase assumed by the LUMs for the

mitigation scenarios (and whi¢husthereforeallows for shrinking production area, see TahkS2).
3.6 Nitrogen loss

Global N loss in the BASE simulations increases stipoger the 2 century by 82% folPJGyaceMAGE and 62% for
LPJGuagrieMAGPIE (Fig. 3a). Most of the increase is caused by fertilization but increasing N depasitioibutes as well
(+19% over the centurygentributes—as—welIN loss is higher foLPJGyaqpieMAGPIE than for LPIGuaceIMAGE at the
beginning and end of the 2tentury, but higher foLPJGuaceIMAGE around midcentury (Tablel2, Fig. ALS1j). As

total fertilizer application is higher farPJGuaqeie MAgPIEthroughout the entire century these differences can be explained

by spatial heterogeneity (e.g. in India where fertilization has a large impact on N loss, fertilizer rates are genamaftyrhigh

23



10

15

20

25

30

LPJIGuace IMAGE than for LPJGyaqeieMAGPIE). Increases in Nosses correspond roughly to increases in N application,
and to crop production increases in the original LUMShis indicatingindicates that crops in LPRRGUESS approach N
saturation, and cannot use the additional N for higher yields thusthat N aplication rates, while consistent with LUM

yield levels, are too high for LFGQUESS yields Sensitivity simulations indicate that most of the N loss increase between

20002009 and 2092099 is induced by increased fertilizer application/cropland expansidiile increasing atmospheric
CO, and dynamic PHU calculation reduce N loss (FigbS4b).

N loss in ADAFF decreases by 6.7% fdPJGuaceMAGE and 13.2% folLPJGyaqpieMAgPIE compared to BASE 2090

2099 (Fig. 3b), but with large variability across regions (Fig. 4b). The decrease can be attributed to lower global fertilize
amounts in ADAFF than in BASE for both LUMSs, as forests are not fertilized. In the BECCS simulatiorectbasd is

larger for LPIGuacetMAGE (-10.3%) than forLPJGuagpieMAGRIE (-7.6%), including substantial regional variations,
especially in South America (Fig. 4c). The fertilization of bioenergy crops (for which low fertilizer rates are assureed in th
LUMs) adds N to the system, however, crop N uptake and subsequent rentavghduvest are also enhanced, resulting in

a net N removaln LPJ}GUESS(and thus less N available to leave the system via leaching or in gaseous form). N loss
reductions in BECCRDAFF lie between ADAFF and BECCS P JGyagpieMAGPIE (-9.2%) but are snilest amongst

all mitigation simulations foLPJGuaceMAGE (-5.5%).

3.7 BVOCs

Changes in BVOC emissions are dominated by isoprene emissions, which are, by weight, an order of magnitude higher than
those of monoterpenes (Tallg, Fig. ALkS1k-I). In the BASE simulations, total BVOC emissions from 2009 to 2090
2099 decrease by 11% faPJIGyace MAGE-LY but only by 2% forLPJGagpie MAGPIE-EU-(Fig. 3a). Spatially, BVOC

emissions generally increase in high latitudes but decrease in the tiféigicdd), corresponding to northwards forest shifts

and deforestation/forest degradation concentrated in low latitudes (not shown). The tropics dominate the overall response

due to much higher typical emission rates.

As expected from the generally high emission potential of woody vegetation (compared with herbaceous), BVOC emissions
increase in the ADAFF simulations (24% and 16% {d?JGuacetMAGE—+respectivelyand LPJIGyaqpieMAGRIE,
respectively. Following the spatial change in forest cover, the increase mainly occurs in the tropics (Fig. 4b). In the BECCS
simulations, BVOC emissions decrease by 8%L#8dGuacetMAGE and by 2% forLPJGuaqeieMAGPIE (Fig. 3c) due to

the low emissions of grassy leiergy crops (cornn LPJGUESS. BECCSADAFF results in 11% and 7% higher

emissions fol PJGuaceMAGEFespectiveland LPJGya.pieMAGPIE, respectively(Fig. 3d).
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4 Discussion

4.1 Modelling uncertainties under presentday and future climate

The ES indicators analyseih this studyare subject taincertainies arising fromknowledge gapssimplified modeling

assumptionsand the need to use paramesmions suited for global simulations PFGUESS has been extensively

evaluatedhgainst preserday Cfluxes andstocks, both for natural and agricultural systeatssite scale and against global
estimateqe.g.Fleischer et al., 201%iao et al., 201,3Pugh et al., 201;55mith et al., 2014 The use of forcing climate data

from only one climate models can be a maource of uncertainty as shown by the large variability in future terrestrial C

stocks introduced by different climate change realisations even for the same emissions (#ttitstiyn et al., 2012 As

we use here the low emission scenario RCP2.6 we expectffbict to be relatively smallhe dbedo calculationin this

studywas not usegbreviouslybut patterns simulated by LFFUESSunder presentlay conditiongFig. S5) broady agree

with Fig. 3in Boisier et al(2013. Evapotranspiration and runafi LPJwereevaluated by Gerten et #2004). Global total

runoff calculated in this study for the 19990 periodis 26% higher than their resultSimulation biases against global

estimates and observations from large river basinserGerten study were mainly attributed to uncertainties in climate input

data and to human activities such as LUC (which is now accounted for) and human water witt®jsatiadl runoff patterns

as simulated by the current LIBUJESS version (Fig. S6.) seefm reveal some improvements comparedte biases

reportedin Gerten et al(2004 in mid and high latitudes, but the model still overestimates rungfits of the tropicdVith

respect tacrop production simulatel crop yieldsin LPJFGUESS are constrained by N and water limitation, but ndota!

managementlecisions crop varieties/breedsliseasesand weedgLindeskog et al., 20330lin et al., 2015p and future

improvement in plant breeding are ignor&dhile weaccounted for thadditionalrestrictionsby scalingsimulatedpresent

day vields to observationsapplying the unscaledLPJGUESS yield changesinto the future might create substantial

underestimation of future yields and crop production, as the only-giedthenting factofor a given crop typén LPJ

GUESS is increased Mput. Global N-leaching ratearehighly uncertain but thennualrate simulated with LRGUESS (if

all N losses are assumed to be via leaching) is within the range of published EDlidie=t al., 2015p Future modelled N

leaching may also baffected by ignoring improvements in plant breeds, as current representationsoineppot be able
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to absorb the N input computed in the LUMs for improved varieties and managdme®VOGCs, global data sets for

evaluation are not availab{@rneth et al., 2007Schurgers et al., 20095atial emission patterns are in good agreement to

other simulationgHantson et al., 2037

While LPIGUESS hashusbeen evaluated as comprehensively as possihlgheer next step for mulprocess evaluation

would be adopting a formalised benchmarking system that allows also to score model perfqietayeet al., 2013

Likewise, large uncertainties reside in the actudMs, which differ to a large degree in their estimates of main land cover

classes for the present dgdlexander et al., 201 Prestele et al., 2016and for which evaluation againsbservations has
been identified as a challenfean Vliet et al., 201p

412 Climate regulation via biogeochemical and biophysical effects

—ourLRPIGUESDuUr LPIGuace Simulations-theIMAGE-mitigation—seenariosare slightly more effective than the
LPJGyaqpieMAGPIE seenariosimulationsin terms of simulated C uptake, but all simulations diverge from the CDR target

initially implemented in the LUMs (se®ect.4.27). Landbased mitigation might also impact the emissions of other GHG

(e.g. NO, see Table2l), but future fertilizer application rates and emissions from bioenergy crops are highly uncertain
(Davidson and Kanter, 2014While N,O contributes to global warming, the net effect of reactive N might be a cooling
when accounting for shelived pollutants and interactions with the C cy¢Erisman et al., 2091 In our LP}GUESS
simulations, reductions in N losses suggest a decrease in gaseous N emissions for both ADAFF and BECCS, however, no

guantifications are possible as LBWESS does not yet differentiate between different forms of N losses.

Climate effects of welmixed GHG are global, whereas biophysical effects are primarily felt on the local(Ati@ema and
Cescatti, 2016 Surface albedo in regions with seasonal snow cover is expected to deqyaedsmsily for afforestation
scenarios(Bala et al., 2007 Bathiany et al., 2010Betts, 2000 DaviesBarnard et al., 2004 thereby opposing the
biogeochemical cooling effect. Effects of enhanced forest cover are less pronounced in lower (&fiteidal, 2015 and

for BECCS scenarios (Smith et al., 2018)modelling stug by Hallgrenet al.(2013 foundthatwhile albedoeffects and C Formatiert:  Schriftartfarbe:
Automatisch

emissions from deforestation f@wiofuel production might balanceon the global scalebiophysical effect can be large
locally. In our BECCS simulations, albedo changesralatively small. Limited-impacts-ef BECCS-en-albedo-alse-emerge
ir—our—simulations:However, we find noticeable albedo reductions in ADAFF despite the fact that for both LUMs

afforestation was gwentrated in snovree regions where satellites rarely observe albedo differences between forests and

open land exceeding 0.@bi et al., 2019.
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High evapotranspiration rates, as often observed in forests, cool the local surface. In tegpices, this cooling effect

exceeds the warming effect from lower albdétkama and Cescatti, 201&i et al., 2015. Current athropogenic land

cover changeBave been estimated to reduce terrestrial evapotranspiratie?bySterling et al., 2013 In our simulations,
impacts of lanebased mitigatioron global evapotranspiration range fret4% (LPJIGyacetMAGE BECCS) to +2.1%
(LPIGuace IMAGE ADAFF). On the regional scale this can translate to absolute changes of more tham Wbin some

tropical areas (e.g. central Africa). While these changem selatively small compared to the mean differences between
forests and noffiorests reported by Li et a{2015 (141 mm yt' 20°N-50°N, 238 mm yr 20°S50°S, 428 mm yt 20°S

20°N), our results still suggest that RedgcEmissions from Deforestation and Forest Degradation (REDD) activities would
not only help mitigating global climate change via avoided C losses but could provide additional local cooling, serving as a
fipaybacko for tropical ratvewatertlass daesto ADAFatethe erid ofuhke eenhtend@a@km®a p o
yrt for LPIGuaceMAGE, 750 km® yr* for LPJGyapieMAGRIE for a C sequestration rate of ~0.8 and 1.4 Gt&, yr
respectively) is higher than estimated by Smith e2016 (370 km®yr for a C sequestration rate of ~1.1 GtCyr
Furthermore, Smith et a(2016 assumed that dedicated rded bioenergy crops consume more water than the replaced
vegetation (with additional water required for CCS), while in our simulations bioenergy crops had little impact on
evapotranspiration as they were represented as corrdriven changes in evapotranspiration rates can also modify the
amount of atmospheric water vapand cloud cover, with consequences for direct radiative forcing, planetary albedo and

precipitation(e.g. Sampaio et al., 2007, see also Tahlddwever, such interactions cannot be captured by our model setup.

BVOCs influence climatevia their influence on tropospheric ozone, methane and secondary organic aerosol formation
(Arneth et al., 2010Scaott et al., 2014 which depend strongly on local conditions such as levels of nitrogen oxidg3 @NO
background aerosdCarslaw et al., 20t0Rosenkranz et al., 20L5BVOC emissionsalso impact climatealirectly by

reducingterrestrialC stocksbut the magnitude is smgk0.5%) compared tdotal GPP._While enhanced leaf level BVOC

emissions are driven by warmer temperatures, uncertainties arise from additiopaff€&s (which suppress leaf
emissions). On the canopy scale, isoprene emissions generally decrease for deforestation (tamtadoset al., 20)but

increase for woody biofuel plantations, which tend to use-bigliting treespecies(Rosenkranzet al, 2015. In our
simulations, we find increases in BVOC emissions for ADAFF but not so for BECCS as bioenerggreropsegrown as
low-emitting corn. The high spatial and temporal variability of the BVOC emissions, complicatiatraagpheric transport

and gaps in our knowledge of the reactions involved make it difficult to judge if an increase in BVOC emissions results in a
warming or cooling. The global effect (assuming prestayt air pollution in 1850 and excluding aerestiud interactions)

of historic (185022000s) reductions in BVOC emissions {26%) due to deforestation has been estimated to be a cooling of
-0.11+ 0.17 Wm? (Unger, 2013 Accordingly, the substantial increase in BVOC emissions in our ADAFF simulations
(16% and 24%) might inducesamitarwarmingof similar magnitude
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crops:

¢Wiltshire and DavieSBarnard, 201p—Fhis
; j the LUMs
b4script

4.3 Water availability

Forests generally reduce local river flow compared to giass croplandsBased on 26 catchmedata sets including 504
observations worldwide, Farley et €005 reported an average decrease of 44% and 31% in annual stream flow caused by
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woody plantations replacing gislandsand shrublandsrespectivel-shrublands with large variability across different

plantation agesSimulations by Sterling et a{2013 suggest that historic lantbver changes were responsible for a 7%

increase in total runoffThe reduction in glodaannual runoff due to ADAFF @D0/600 km® yr* compared to BASE 2090

2099) corresponds to around-38% of human runoff withdrawgOki and Kanae, 20Q6which could be seen as a potential
risk to freshwater supply. Regional changes range f#&@P6 to +0.4% across all scenarios, but in many cases impacts on
irrigation (the largest consumer of freshwater) potential in fact might be small: Modelling wggesis that renewable
water supply will exceed the irrigation demand in most regions by the end of the century for REIR8t5t al., 2014
However, Elliott et al. also found that regions with the largest potential for yield increases from increased irrigafiem are
the regions mostKely to suffer from water limitations. Patterns will be different in an RCP2.6 world adettiization
significantly reduced global irrigation demand-1B% on presently irrigated area) in the Elliott et al. crop models and

climate impacts are expectambe less severe in RCP2.6.

In uncoupled simulations, such as done here, atmospheric feedbacks related to higher evapotranspiration cannot be captured.
At regional/continental scale, there is evidence that afforestation might actually increase runtfé darger
evapotranspiration rates enhance precipitatigiison et al., 2012 However, based on regional climate modelling, Jackson

et al. (2005 concluded that atmospheric feedbacks wadtikely-not likely offset water losses in temperate regions where

the additional atmospheric moisture cannot be lifted high enough to form clouds.

Changing runoff affects water supply but can also contribute to changes in flood risks. Bradsh&0e®alusing a multi

model approach and data from 56 developing countries, calculat@8% 4ncrease in flood frequency and-8% increase

in flood duration for a hypothetical reduction of 10% natural forest cover, while e.g. van DijK(20@9 questioned forest
potential to reduce largecale flooding and argued that the frequency of reported floods can be mainly explained by
population density. Ferreirand Ghimire(2012 extended the original Bradshaw sample to all coest(129) that reported

at least one large flood between 1990 and 2009 and included socioeconomic factors in their analy$esndtel not

find ne-lengera statistically significant correlation between forest cover and reported floods. In our imgyjlgieak
monthly runoff is generally reduced for ADAFF, however, given maximum regional change8.6%% (Africa,
LPJIGuaceIMAGE ADAFF) and presuming that floods are largely controlled by other factors than forest cover, we expect
largesealeLU effects m flooding to be limited.

4.4 Food production

Increasing food production in a sustainable way to feed a growing population is a major challenge of the modern world
(Tilman et al., 200R Population and income growth (in SSP2 population peaks in 2070 at 9.4 billion people, and per capita
GDP contindedscontintes to increase until 210QDellink et al., 2017 Samir and Lutz, 201y wil-are projected tde
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accompanied by an increased need of total calories and shifts ifRidgts et al., 20107 For SSP2, economic modelling
suggests that global food crop demand will increase b9736 between 2005 and 205@alin et al., 2013 In the present
study, the corresponding increase reported dirdatiy the LUMSs is 38% for IMAGE and 52% for MAgPIE 2050(78%

and 96% in year 210PpquH i IMin our LPJGUESS BASE
simulations we find crop production increases-p2/45% (PJGuace MAGE/LPIGyapieMAGRIE) by 2050 and-24/64%

by the end of the century (corresponding to aqagita increase for MAgPIE but a decrease for IMAGE). However, the

production increase is significantly reduced in the mitigation simulations, especialli J6a.picMAgPIE ADAFF due to

production shifts and the abandonment of croplands for reforest&tonlar results have beemportedby Reilly et al.

(2012 _who found thatfforestationsubstantiallyincreass prices for agricultual productswhile the cultivation of biofuels

has little impacts onagriculturalprices due to benefits of avoided environmental damage offsetting higher mitigation costs

Crop yields in LPJGUESS are a function of environmental conditions, fertilizergation, and adaption to climate change

by selecting suitable varieties. In our BASE simulations, the combined effect is an average yield increase of ~17% and ~41%
(LPIGumacetMAGE andLPJGyagp eMAGPIE) between 200@009 and 209@099. In the LUMSs thenitigation scenarios are
characterized by additional yield increases compared to BASE, triggered by increased land prices. This intensification is to
some extent reflected in the fertilizer rates (derived from yields) provided by the LUMs, however, atisggement
improvements and investments in research and development leading tohiédteg varieties also impact future yield
increases. Additional assumptions about yield increases driven by technological progress can thus not be captured by LPJ
GUESS.The simulated decline in productivity in response to shrinking cropland area in the mitigation scenarios suggests
that, when adapting N fertilization, irrigation and cropland area and location from the LUMs, additional yield increpses of u

to 6.6% and 3% (LPJGuaceMMAGE and LPIGyapieMAgGPIE) would be required between the 2000s and the 2090s to
produce the same amount of food crops as in the BASE scenario, equivalent to aOd@%3% per year.

4.5 Water and air quality

Managed agricultural systems ditly impact freshwater quality. Historically, approximately 20% of reactive N moved into
aquatlc ecosysten(ﬁ;alloway et al, 200)4 causing drlnkmg water pollution and eutrophlcau@h&glebal—Nleaehmgura{e

range-of published-studid®linet-al—2015a As N loss in LPJGUESS is largely drien by fertilization(Blanke et al.,
2017, the much higher future fertilization rates compared to predmnt(+78% for LPIGuacetMAGE; +95% for

LPJIGuagriE ) lead to an increase in N loss-e32% and 62% in BASE. Suchraassivelargeincrease would have
severe impacts on waterays and coastal zones, where current levels of N pollution are already having substantial effects

(Camargo and Alonso, 20Pp6However, as discussed above, the N application rates are derived from crop vyields in the

LUMs, and can only be partially utilized by LI&UJESS due to its lower yield levels. Increasing cragdg by increased N

inputs leads to a strong declinerntrient use efficiency and declining returns on yigl@assman et al., 200®1ueller et
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al., 2017. In contrast to the BASE simulations, the mitigation simulations result in somewhat lower N losses because less
fertilizer is applied (ADAFF) or because bioenergy harvest removeae fothan added via bioenergy crop fertilization
(BECCS). Simulated N losses in LBUESS are affected by different assumptions about N fertilizers and inconsistencies
between the models: Fertilizer rates in the LUMs were calculated to support the ektiroatgields (and hence the ensuing

N demand). The resulting gritkll averages available to LI&UJESS did not take into account differences in N application
across crop types in a grall (Mueller et al., 201p Additionally, IMAGE and MAgPIE simulate further increases in crop
productivity and N use efficiency and therefore nutrient recovery in harvested biomass, which may only be partly captured
by LPIGUESS (se&ect.4.4).

Although we do not explicitly simulate emissions of N gases, increased N losses suggest an excess of soil N, which increases
the likelihood of gaseous reactive N emissions such gsaw@ ammonia (Nkj pollution, contributing to particulate matter
formation, visibility degradation and atmospheric N deposi{®ehera et al., 2033The chemical form and level of these
emissions will strongly depend on soil water stefus et al., 2007. Improvements in air quality, e.g. via reductions in
tropogpheric ozone (), are not only relevant for human health but can also enhance plant productivity and crop yields
(Wilkinson et al., 2012 The response of {20 BVOC emissions changes depends on the locg:BMIOC ratio (Sillman,

1999. An increase in BVOC emissions slightly suppressgsdBcentration inemeteregionsof low NOy backgroundbut

promotes it inpollutedregionsef-high-NQ,-backgroundPyle & al., 201). Ganzeveld et a(2010 used a chemistrglimate
model to study the effects of LUC in the SRES A2 scenario (tropical deforestation) on atmospheric chemistry. By year 2050,

they found increases in boundary layer ozone mixing ratios of up to 9 ppb (20%). Changes in the comcenttiad

hydroxyl radical resulting from deforestation (the primary atmospheric oxidant, and main determinant of atmospheric
methane lifetime) are much less clear due to uncertainties in isoprene oxidation ch@foisty/et al., 2033Hansen et al.,

2017 Lelieveld et al., 2008 but G concentrations were not sensitive to this uncerta{Pygh et al., 2010 ADAFF

describes a reverse scenario, with forest expansion being largely concentrated in the tropics. The sign of dhanges in
ADAFF simulatons is reverse to changes in Ganzeveld et al.: Byamidury, global N loss in ADAFF decreases by ~8%

and 4% and isoprene emissions increase by ~14% and 4% compared to BASE. Consequently, we would expect tropospheric
O; burden in ADAFF to decrease in th®pics but to increase in large parts of the -hatitudes. However, changes in

overall air quality will likely be dominated by anthropogenic emissions rather than (MEtin et al., 201p BVOC

emissions might also increase iroénergy scenariofRosenkranzt al, 2015; heweverbut this does not happen in our

study as the LUMs assumed grasses tthbgredominant bioenergy crop.

46 Potential impacts on biodiversity

Globalscale approaches that link changes in LU, climated other drivers to effects on biodiversity are scarce, and
burdened with high uncertainty, though some approaches @Xistmade et al., 20Q9Visconti et al., 201} and
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biodiversity, whether it is being percet/as a requisite for the provision of ES or an ES per se, with its own intrinsic value

(Liang et al., 201pMace et al., 2012 has not been considered in our analysis.

Nevertheless, it is evident that biodiversity can be in critical conflitt démands for land resources such as food or timber
(Behrman et al., 2018Murphy and Romanuk, 20J4LUC has been the most critical driver of recent species(Jasgz et

al., 2015 Newbold et al., 2014 This has led to substantial concerns that land requirements for bioenergy crops would be
competing with conserviain areas directly oby leakage Santangeli et al(201§ f ound around half of
bioenergy production potential to be located either in already protected areas or in land that has highest priority for

protection, indicating a high risk for biodiversity in absence of strong regulataseotion efforts.

In principle, avoided deforestation and reforestation/afforestation should maintain and enhance habitat and species richness,
since forests are amongst the most diverse ecosystéang et al., 201p Forestation could also support the restoration of
degraded ecosystems. However, success of-kugle reforestation/afforestation programs underwgpi@ke as well as a
biodiversity perspective will depend critibalbn the types of forests promoted and so far show mixed ré€ultmingham

et al., 2015 Hua et al., 2016 Likewise, even under a globally implemented forest conservation scheme thgrbem
cropland expansion into neforested regions that could well beri€h (implying reduced overall @Gmitigation) but also

diverse such as savannas or natural grasslands.

4.27 Role of model assumptions orcarbon uptake via land-based mitigation and implications for other ecosystem

service i S

Our simulations show thatadeoffs betweerC uptakeand othelES are to be expecte@onsequently e question whether

land-based mitigation projectshould be realized dependst only on the effects on ES, but also tire magnitude of C

uptakethatwill be achievedHowever,our study suggests thabtential Cuptakeis highly modetdependentC uptake in the

three lanébased mitigation options in LRAUESS is lower than thertget value used in the LUMs. When the underlying
reasons for modehodel discrepancies are explored, a number of reasons can be identified such as bioenergy vields, forest
regrowth, legacy effects from past LUC and recovery of soil carbon in responsderéstation. Additionally, in the BECCS
scenarios, the CDR target was implemented as a CCS target which does not account for additional LUC emissions, partly
explaining the lower CDR values.

For forest regrowth, the current model configuration of RRIESS simulates natural forest succession, including the

todayds

gl ob

representation of different age classes. Krause ¢2@l6 showed that the recovery of C in ecosystems following different [;:emmnktion geandert

agricultural LU histaoies broadly agreed with siteased measurements. EBIJESS also has N (and soil water availability)

as an explicit constraint on forest growth and has been successfully tested against a broad range of ol{séeisuimrset [Feldfunktion gedndert
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al., 2015 Smith et al., 201} While{These studies indicate an overall realistic rate of forest gramtter natural
successionHowever, much of the afforestation may occur with management facilitating fastupuif C stocks (as

assumed in MAgPIE)but LPFGUESS does not implemetite-model-output-has-not-yet been-systematically-assessed

different age classes and their competitaoa simulatedl IMAGE-LPJmL (wherein this studythe dynamically coupled
LPJmL DGVM simulates natural regrowth ione individual per PFT) and MAgP4ERPImL (wheremanaged regrowtis

prescribed towards potential C densities from LPJs#eSect.2.2). LPJmLalso does not yet consider N constraints on
vegetation regrowth. C losses from deforestation and maximwagBestratiamptakefollowing reforestation depend on
potential C densities which are likely different in LPJmL and -GRIESS. In the LUMs, the mobted s al gorithm

knewsadoptsC poolsfrom LPJmLand can thus decide to reforest the most suitable areas while-8WP3S other regions
might have more reforestation potentiabditi v—in-MAgP i e v i tocks

sequestration rates are likely different between -GRIESS and LPJmLespecially for MAgPIE.PJmL where the

assumption of soil C recovering within 20 years is likely overoptim{sée Krauset al, 2016. [Feldfunktion geandert

For BECCS, LPGUESS simulates CCS rates of ~2.2 and@t@ ¥r'1 (LPIGuaceIMAGE andLPJIGyagpi by the

end of the 2% century, compared to ~2.8 GtC orted from the LUMs directly. The number from the LUMs is close to

the mean removal rate of 3.3 GtC'yeported in Smith et a[2016) for scenarios of similar production area (3BI0 vs. [Feldfunktion gedndert

493/363Mha in our IMAGE/MAQPIE BECCS scenatioespectively and slightly larger CQmaixi iogoncentrations
(430480 ppmv vs. 424pmy). Discrepancies between the models arise mainly from differences in assumptions about
bioenergy crop yields. In our LFSUESS simulations we grew bioenergy cropsas (i.e. a crop functional type with
parameters taketo-—represeifitom maize/cor). By the end of the centungimulatedbioenergy yieldssimulated-byLPJ
GUESSare higher folL PJGyagpieMAGPIE BECCSLU patterns(on average 13.8 t dry mass™a™, 10% of total above

ground biomass remaining onsite) than fd?JGyaceMAGE BECCS LU-patterns(12.2 t dry mass hayr?) due to

different fertilizer rates and production locations. Bioenergy crop yields inGIPHSS might be influenced by
inconsistencies between the models about fertilization of bioenergy crops: While the LUMs generally assuide hig
application, fertilizer rates are reduced in areas used for bioenergy production because bioenergy crops are less N

demanding. Consequently, the fertilizer rates from the LUhitsht be insufficient to fulfithe N demand othe cornbased
bioenergy crpsin LPFGUESS which where-cern-vieldsespond strongly to fertilization(Blanke et al., 2017 In contrast,

bioenergy crops in the LUMs amepresented by dedicated lignocellulosic energy grasses. Reported yields of dedicated
bioenergy crops under presetay conditions show large variability (miscanthus x giganteu$4 % dry mass hayr?;
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Malins, 2014. By the end of the century, the LUMs report average bioenergy vields of ~15'0/t hdMAGE) and ~20.3
t ha' yr'* (MAgPIE), but how bioenergy vyields will evolve in reality when averaged across regions (including moneaiargi

land) is highly uncertaifCreutzig, 2016Searle and Malins, 201&lade et al., 2004 [Feldfunktion gedndert

Legacy effects from historic LU might also impdature C uptake as the soil C balance continues to respond to LUC

decades or even centuries affirause et al., 2016Pugh et al., 2015 We assessed the contribution of legacy effects by [Feldfunktion gedndert

comparing a LPFGUESS simulation in which LU (but not climate and $@as held constant from year 1970 for IIG6&

and 1985 for MAQPIE (consistent with the scenario starting years in each model) with a run with fixed LU from year 1901
on. The differences then seen over th& @intury between these two simulations would arise chiefly from legacy fluxes of
20"certury LUC. These were found to be ~18 GtC (not shown), accounting for part of the difference in uptake between
LPJGUESS and the LUMSs. In the LUMs, harmonisation to history has been done with respect to land cdlir was

not possiblewith respecto changes in vegetation and soil C pools (prior to 197&5)99

Our results show that assumptions about forest growth and C densities, bioenergy crop vields, and time scales of soil
processes can critically influence the C removal potential ofEsgdmitigation. Large uncertainties about forest regrowth
trajectories in different DGVMs (Pongratz et al., in preparation) and BECCS potential to remove C from the atmosphere

(Creutzig et al., 203,5Kemper, 201phave been reported before, including the importance of s ation bioenergy [Feldfunktion gedndert

crops(Kato and Yamagata, 2014nd LU-driven C losses in vegetation and s¢idiltshire and DaviedBarnard, 201p This

is clearly an important subject for future research. Additional analyses aleatifférence in C removal between the LUMs
and LPJGUESS, including results from additional DGVMs, aregming and will be published in a separate manuscript
(Krause et al., in preparation).

475 Conclusions

Terrestrial ecosystems provide us with many valuable services like climate and air quality regulation, water and food

provision, or flood protectionwhile substantiathanges irecosystem functionare likely tooccurwithin the 2f' century [Formaﬁen; Hochgestellt

even in the bsence ofandbasedclimate changenmitigation, Land-baseddditional impactsare tobe expectedrom land

management fonegative emissionsritigationin-LERFIGUESS-substantially-affected-simulated-ecosystem-functionall

mitigation simulations, whamight generally be perceived as beneficial effects on some ecosystem functions and their

services(e.g. decreased N loss imprimg water/air quality, were counteracted by negative effects on otfers reduced

crop _production) including substantiatemporal andregional variations Environmental sideffects in our ADAFF

simulations were usually larger than in BEC@8&esumably reflecting the larger area affected by-lamdr transitions in
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ADAFF. Without a valuation exercise it is not possible ttes whether one optionovu | d be fAbet tewend than the other

. All_mitigation approachesnight reduce crop

production(in the absence of assumptions about largentaolyy-related yieldincreasesput potentially improve air and

water quality via reduced N lasknpacts onclimate via biophysical effects and evater availability and flood risksia

changes in runofiverefound to berelatively smallin terms of percentage changeken averagedver large area$ut this

does notexclude the possibility of significant impacts eng.the scale of largeatchmerg

Policy makers should be aware of manifold side effetis they positive or negativewhen discussing and evaluatittge
feasibility and effects of different climate mitigation options, possibly involving the prioritization of individual E® at th
costs of exacerbating other challenges. Our analysis makes some of thessfdradglicit, but there are many other

servies offered by ecosystems much more difficult to quantify, particularly relating to cultural sewiteh also need to

be considered. Any discussion about Hiaded climate mitigation efforts should take into account their effects on ES

beyondelimateC storagen order to avoid unintended negative consequences, which would be both intrinsically undesirable

and may also affect the effective delivery of climate mitigation through societal feedbacks.

Tables and Figures

Indirect effects that are more directly represented by another ecosystem function considered here are not shown. The table is

based on evidence from theterature in cases the link is not directly clear (see footnoteg).
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Ecosystem function ES i | ES i water| EST flood | ESi water| ES i air | ES1 food
climate availability protection | quality quality production
change

mitigation

C storage ¢ |++(++)

\a

Surfacea | bedo ¢ | ++(+

Evapotranspi|++t(+-)

L J

Annual runof ++ - 0/+¢
Peak monthly 0/+7 - 0/-° o/
Crop product ++ (+4)
N loss § +]- (+/-)° - - (1)°
BVOC emi ssi d +-(+-) 0/-- (0F)
“3 ~| Formatiert: Standard, Abstand Vor: 0
. Pt., Nach: 0 Pt., Zeil :
& The global effects of Lkéiriven albedo changes seem to be sjfead). deNobletDucoudre et al., 2032 eitn’facic 0 Pt., zeilenabstand
®| ocal surface cooling as heat is needed to evaporate water. On larger scales, the effect could be either a warming d[ Feldfunktion gesndert
increases in atmospheric water vagBoucher et al., 2004or a cooling due to increased planetary albedo resulting from
more cloudinesfBala et al., 200;/Ban-Weiss et al., 2011 [Feldfunktion gedndert
¢ High flows imply more volume for dilution, prevent algae growth and maintain oxygen f¢Vaitehead et al., 2009 [Femmnktion geandert
Y Effect of peak monthly runoff on water availability is dependent on seasonal rainfall distribution and regional water storage
capacity. Annual runoff is the clearer indicator.
¢ Soil erosion and associatednm®bilization of metals is enhanced during flood evéwthitehead et al., 2009 [Feldfunktion geandert
" Due to flood damage in croplan(osthumus et al., 2009
9 LPJGUESS at present calculates total N loss and does not differentiate between leaching and gaseous loss. As thus we
indicate several effects that would arise from N emitted z reenhouse gas), emitted asyND NH; (affecting air
quality and aerosol formation), or as dissolved N. The net effect of N loss on climate has been estimated to be a small
cooling(Erisman et al., 20)Ibut uncertainties are large. [Feldfunktion geéndert
" The net impact of BVOC emissions is very uncertain. On the global scale, increased BVOC emissions might result in a
warming(Unger, 2014
' BVOCs often increase ozone and aerosol formation, primarily lofathgenkranz et al., 201,5with principally opposite [Fekjfunktion geandert

warming and cooling effect&nger, 2012

a . [Formatiert:

Englisch (USA)

Table 12: Global net-total values + standard deviations (over 10 years) of all anadgd ecosystem functions as simulated by LPJ Formatiert:

Standard, Abstand Vor: 0

Pt., Nach: 0 Pt., Zeilenabstand:

GUESS for all scenarios and different timeperiods and for LPJGyaceMAGE-LU-patterns- (blue) and LPJGyagpieMAGPIE-LU- einfach
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seenarios(red). Total C is the sum of vegetation C, soil C, product C (wood removed during defstation but not immediately
oxidized) and cumulative CCS.

Ecosystem function | BASE ADAFF BECCS BECCS
ADAFF

2000 20902099
2009

Vegetation C [GtC] 380+1 415+2 478 + 4 444 + 3 391+ 2
393+2 459+ 2 496 +5 476 £ 3 450+ 2

Soil and litter C [GtC] | 1575+ 1 | 1578+ 1 | 1588 +1 | 1580+ 1 1567+ 1
1585+1 | 1587 +1 | 1599+2 | 1592+2 1583 +1

Product C [GtC] 57+04 |15+£01 |04+00 [1.0+0.1 24+0.2
46+0.2 |0.3+£0.0 |04+0.0 |0.3+0.0 0.6+0.1
Cumulative CCS - - - 52.1+3.4 | 100.0 %
[GtC] 34.7+25 | 6.6
73.5+5.6
Total C [GtC] 1961+2 | 1995+3 | 2067 +5 | 20777 | 2060+ 7
1983+2 | 2047+3 | 2096+7 |[2103+7 |2108+8
January albedo 0.250 | 0.240 | 0.237 x| 0.238 +/0.241 +
0.004 0.002 0.002 0.002 0.002
0.249 +|0.240 +|0.238 +|0.240 +|0.240 =+
0.004 0.002 0.002 0.002 0.002
July albedo 0.182 | 0.179 | 0.177 =£|0.178 +/0.180 +
0.001 0.001 0.001 0.001 0.001
0.182 | 0.179 | 0.177 =£|0.178 +/ 0179 +
0.001 0.001 0.001 0.001 0.001
Evapotranspiration 58.6+0.7| 57.9+1.2| 59.1+1.2|58.6+1.2 | 57.7+1.2
[1000 kn? yr*] 58.9+0.7| 58.8+ 1.2/ 59.5+1.2| 59.3+1.2 | 58.9+1.2
Annual runoff [1000| 52.5+3.1| 55.1+2.8| 53.9+2.8|54.4+2.8 | 553+2.8
km® yr 52.2+3.1|543+2.8|53.7+2.8|53.9+2.8 | 54.2+2.8

Peak monthly runoff 17.9+1.0| 189+1.2| 187+1.2| 18.8+1.2 | 19.0+1.2
[1000km® month?] 17.9+1.0]18.8+1.2|18.6+1.2|187+1.2 | 188+1.2

Crop production| 28.9+0.5| 35.9+0.5| 34.7+0.5|34.0+0.5 | 335+05
[Ecal] 275+0.9[452+04]29.3+£2.0|355+£0.7 | 40.8+x0.5
N loss[TgN yr] 60.3+7.1] 109.7+ 102.3 +|103.6 +*|98.4 +
73.3+6.8| 13.2 125 12.3 115
119.0 +£|103.2 +|108.1+7.9| 110.0 =
8.0 8.4 7.0
Isoprene  emission| 477 + 8 419+9 529+11 | 469+10 |382+8
[TgC yrY 503+9 |495+10 |578+13 |532+11 |483+10
Monoterpene 40.7+0.6| 38.9+£0.9/ 40.2+1.0{ 39.4+09 | 38.2+0.9

emissions [TgCyf] | 41.9+0.7| 40.5+0.9]| 41.6 +1.0| 40.9+0.9 | 40.4+0.9

*1000 knt are equal to 1 Eg of water
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Figure 1: Time-series (200€2100) of area under natural vegetation (including afforested area), pasture (including degraded forest
area for IMAGE) and cropland (including bioenergy production area) for the different scenarios, for IMAGE (left) and MAgPIE
(right).
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IMAGE BASE MAgPIE BASE

Figure 2: a) Fraction of grid-cell under natural vegetation (including afforested area but not degraded forests) by the end of the
century (20902099) in the BASE scenario for IMAGE (left) and MAgQPIE (right). b) Difference in the natural vegetéion fraction
between the ADAFF and the BASE scenario by the end of the century (202099). c) Same as b) but between the BECCS and the

BASE scenario.
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Figure 3: Global relative changes in analysed ecosystem functions simulated by LBUESS for different LU scenarios from
IMAGE and MAgGPIE. Changes are capped at +40% for clarity reasons, values exceeding 40% are written below the bar. a)
changes in the BASE simulation from 2002009 to 20962099. b) changes from BASE to ADAFF by the 2092099 period. c) ame
as b) but from BASE to BECCS. d) same as b) but from BASE to BECGBDAFF.
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