
Reviewers' comments: 

Reviewer #1 (Remarks to the Author): 

The study explores the role of tropical forests in controlling their resilience to deforestation and 

response to climate change. The authors take a novel approach linking a range of modelling tools. The 

overall findings of the paper are important and influence the way we understand forest – rainfall 

interactions. The conclusions will be of interest to a wide range of researchers and policy makers. 

However, a number of issues require clarification before publication could be considered. 

Major comments 

A major comment is around the ability to evaluate or test the model results against real world 

observations. This study is an interesting model experiment, but it would be much more convincing if 

there was a stronger observational constraint. Can any elements of the analysis be tested with 

observations? 

Another weakness is related to the model prediction of precipitation which appears to be based on 

available water for precipitation. This is particularly relevant when studying future climates. I think the 

authors need to provide some evidence that their approach is valid under future climate scenarios. 

Minor comments 

Figure 2. It would be useful to have a plot of simulated change in rainfall between the two periods. 

Does the change in forest extent in (c) match the change in rainfall. 

Line 76-79. How does this approach account of deforested regions where tree cover is artificially low? 

Line 142. Do you also exclude any impacts of rising CO2 concentrations and changes in water-use 

efficiency. 

Line 223. This study includes numerous errors that have been outlined in a number of critical 

comments. These errors means the conclusions of the paper are misleading. I would suggest providing 

a different reference to support this statement. 

Line 260. Why do you exclude tropical forests between 23N and 15N? 

Line 270. What do you mean by “high resolution forest data”? What dataset did you use? What is the 

resolution of the climate data used for this analysis? If the rainfall data is relatively coarse (0.25 

degrees), what is the benefit of conducting this analysis at high resolution? 

Line 283. Is there an issue around consistency of the input datasets used in the different modelling 

tools. I.e., GLDAS versus ERA-5. 

Line 398. I’m not sure understand this statement. Does this mean that you do not account for 

changes in atmospheric circulation in a future climate? This seems like a major simplification that 

requires further justification. 

Reviewer #2 (Remarks to the Author): 

OVERALL ASSESSMENT: 



The paper by Staal and co-authors presents an analysis of the hysteresis in forest cover throughout 

the tropics. They have used the geographic distribution of forests at the end of the 20th century and 

mean annual precipitation amounts during that period to estimate levels of rainfall where both 

forested and unforested ecosystems are both present, with these area’s deemed ‘bi-stable’. Using this 

stability landscape, they then estimated the maximal and minimal extent of cover under current and 

future climates. A particularly interesting analysis undertaken here is an evaluation of how maximal 

and minimal forest would be changed if climatological feedbacks are considered. Overall the paper is 

well written and clear, though there are a number of broad and specific points we need to be 

addressed as described below 

BROAD CONCERNS 

Much of the abstract is about rainfall-forest feedbacks and moisture recycling. This is an interesting 

part of the analysis that the authors have undertaken. However only a small portion of the text is 

focused on the rainfall-forest feedbacks. For instance, in the introduction, “we find that forest-rainfall 

feedback expands the range of possible forest distributions especially “. But how much of this is the 

hysteresis effect and how much is the rainfall forest feedback. No figures in the main text or SI 

compare distributions in the static and dynamic rainfall models. Improving the characterization of the 

effects of this mechanics would add to this paper. 

Throughout this paper, a number of oversimplifications were made, particularly with respect to why 

different forest covers can occur at the same annual precipitation totals. Various other factors, such as 

rainfall seasonality and intensity, as well as soil properties are disregarded here, even though the 

authors own analysis demonstrates that the MCWD (a measure of dry season intensity) was clearly 

demonstrated to influence forest cover. In fact, this is a core logical fallacy of this paper. On one hand 

the technique of creating “stability landscapes” is useful for identifying bi-stability (as in the case of 

rainfall) but on the other hand the same technique isn’t useful (as in the case of the MCWD) because 

“it is known that forests are stable at sufficiently high mean annual rainfall levels” (with the quote 

from L119 of the text). This acknowledges that the authors approach can produce spurious 

identification of bi-stable locations, so how/why are we to believe that the rainfall bi-stabilities’ are the 

valid estimates of bi-stable locations. 

A second major concern here is the role of uncertainty in this approach. Many of the datasets and 

methods here contain significant uncertainty. One reason CMIP includes multiple models is because it 

is unclear at this time which model is best, and the inter-model spread describes to some degree our 

uncertainty in future predictions. The same is true for precipitation estimates and land surface models 

for the modern era. However, there is no analysis of how potential errors and uncertainty in forest 

cover, bi-stable regions, model rainfall, etc. will influence the conclusions drawn, or why they were not 

considered. Given the simplified nature of the model of forest cover (i.e. it is solely based on mean 

annual precipitation) some effort should be made to convince the readers that this approach can 

accurately model forest distributions observed presently. 

Also, moisture tracking is described in the methods but not in the paper main body. Why/where is this 

analysis done and what did you learn from it? Besides within the methods, the word ‘tracking’ only 

appears in the main body of the manuscript to state that it was done. 

SPECIFIC CONCERNS 

L16: I don’t think this paper includes an analysis of “local-scale tipping points”. Please rephrase. 

L19: You do not show in the main body any of the moisture tracking results. 



L20: Clarify that this is the geographic distribution, not PDF of forest covers. 

L77: The landscape is what is bi-stable, not the forest. Another more fitting word choice would be the 

forest cover. With both forest and non-forest possible states. Same issues in line 80. Saying the forest 

is stable as a savanna is contradictory. 

L90: The rainfall and forest’s are not interacting at each time step. The forests are determining rainfall 

within the model. But the Rainfall only determines the forest cover outside of the model. 

L90-97: Can you also express these numbers as fractions of the forest there. These differences may 

be pretty small as a percent of total area, or not?. Also add some of these to Figure 3. 

L110: You don’t find an increase in hysteresis. You find an increase in forest due to hysteresis. 

L111: Is this with the static or dynamically estimated climates? 

L113: Beyond resilience, a number of papers have shown that climate seasonality, rainfall intensity, 

soil properties, and other factors determine the geographic distribution of where forest are found. 

L119: What is the basis of this statement? 

L120: I fail to see how this is the ‘conservative’ approach. I would think that the conservative 

approach would be to consider both possible mechanism, in the event that multiple mechanisms are 

possibly affecting the outcome. You could have conducted this entire analysis with the MCWD stabity 

landscapes for instance. How would this change your conclusions? 

L173: Only hysteresis effects on rainfall are presented here, your model outputs other components of 

the hydrologic cycle, so either present these as well or change your section header to precipitation, 

since that is all you discuss. 

L249: What is the basis of this statement. 

L304: While this is interesting, I didn’t see anywhere in the main text where this work is discussed. 

Either remove it from the methods or discuss it in the text. 

Figure 3: Can you add on to this plot the levels of maximal and minimal forest under the static 

climate? 

-Stephen Good



Reviewers' comments: 
 
Reviewer #1 (Remarks to the Author): 
 
The study explores the role of tropical forests in controlling their resilience to deforestation and 
response to climate change. The authors take a novel approach linking a range of modelling tools. The 
overall findings of the paper are important and influence the way we understand forest – rainfall 
interactions. The conclusions will be of interest to a wide range of researchers and policy makers. 
However, a number of issues require clarification before publication could be considered. 
 
Major comments 
 
A major comment is around the ability to evaluate or test the model results against real world 
observations. This study is an interesting model experiment, but it would be much more convincing if 
there was a stronger observational constraint. Can any elements of the analysis be tested with 
observations?  
 
We thank the reviewer for this comment, which helps us to strengthen the evidence basis for our study. 
While some analytical part are actually already fully based on observations, other parts have different  
observational constraints. We identified the following elements of the analyses:  

1. local-scale hysteresis data and analysis – the analysis (Hirota et al. 2011) already entirely relies 
on observation-based data (Sexton et al. 2013). 

2. forest evaporation data - based on the reviewer’s suggestion, we now added a comparison 
between GLDAS and the observation-based evapotranspiration dataset FLUXCOM to the revised 
manuscript. The PCR-GLOWB model has been evaluated in the past, and validated with good 
results against observed discharge data.   

3. atmospheric moisture recycling data and method – the meteorological data from ERA5 used for 
moisture recycling is observation-based, and the tracking method has been evaluated against 
other methods and observations in past studies.  

4. climate scenarios – we use CMIP6 model outputs that are evaluated against observations and 
that have been shown to reproduce very well observed large-scale mean surface temperature 
and precipitation patterns, with no known systematic errors in our study regions. 

 
Below, we address each of the four above points in more detail. 
 
Important to realize is that the final model results cannot be directly validated against observations. The 
reason that complete comparison cannot be carried out is because, by definition, we explore potential 
dynamics for tropical forests that are beyond the realm of observation: what are theoretically possible 
minimal and maximal possible extents of tropical forest, and how they can change in case of the most 
extreme future climate change scenarios? 
 
1. Local-scale hysteresis 
Our analysis of local-scale hysteresis (without the forest-rainfall feedback) depends entirely on 
observation-based data. We use remote sensing products of tree cover against mean annual rainfall to 
estimate hysteresis. There has been some discussion in the literature about how reliable MODIS-based 
tree cover products are for the purpose of constructing stability landscapes. Some bias in the remote 
sensing product was shown (Hanan et al. 2014), although this is much lower than the actual signal of 
bimodality on which our analysis is based (Staver and Hansen 2015). 



 
Verification of the reliability of tree cover data for constructing stability landscapes came when the same 
analysis was done for both tree cover and canopy height data (Xu et al. 2016; Xu et al. 2018). This 
showed consistency between the two approaches: the bistability ranges as inferred from tree cover are 
the same as those inferred from canopy height, as bimodality in tree cover coincided with bimodality in 
canopy height. Some high-canopy and low tree cover areas exist, which indicate the presence of 
degraded forests rather than natural savannas. However, as said, this did not lead to a change in 
outcome from this analysis (Xu et al. 2018). 
 
2. Forest evapotranspiration 
As an additional analysis for this revision, we now compare the evapotranspiration that we have used, 
GLDAS, to a different observation-based dataset. To select this independent dataset, we took different 
considerations into account: 1) the scale of the data should be similar to allow for a comparison that 
allows for a clear interpretation; 2) the dataset should not be shown to work badly in the tropics; 3) the 
dataset should not be too similar in its design to GLDAS. 
 
Given consideration 1, we discarded direct flux tower measurements. Such ground measurements may 
be valuable for validation of new gridded evaporation products, but for our purpose and our study 
scope, a gridded product that has already been comprehensively validated is preferred. Given 
consideration 2 we discarded MOD16 (Mu, Zhao, and Running 2013). While MOD16 has to our 
knowledge not been consisted evaluated in the tropical rainforests, it has low correlation with flux 
tower measurements in a number of land-use types (Souza et al. 2019), including temporal forests and 
sub-tropical woody savanna (Ramoelo et al. 2014). Moreover, evaluation of the Penman-Monteith 
based algorithm that underlays the remote sensing product MOD16 also indicated that MOD16 
evapotranspiration may be underestimated in the tropics (Miralles et al. 2016).  We further considered 
the three observation-based gridded evapotranspiration based datasets GLEAM, PML, and FLUXCOM. 
The former two use satellite input data as much as possible in a minimalistic process model and the 
latter is based on machine learning techniques. Given consideration 3 we chose the FLUXCOM remote 
sensing product, as it differs substantially from the method behind GLDAS, while GLEAM and PML do 
have similarities with GLDAS. Instead of using climate forcing data, the dataset merges energy flux 
measurements from FLUXNET eddy covariance towers with remote sensing (Jung et al. 2019). 
 
We compared monthly GLDAS and FLUXCOM on a monthly and 0.25° basis (2003-2014) for each 
continent and the tropics combined. We did this separately for all data points and for only the forested 
areas. In addition, we map the difference in mean annual evaporation between the two datasets. 
 
As can be seen from the figures below (added to the supplement as Figs. S15-S17), monthly 
evapotranspiration from GLDAS and FLUXCOM correspond well over-all: across the tropics, their linear r2 
(relative to the 1:1 line) is 0.69. Considering only forested areas, this correspondence is lower: with a 
linear r2 of 0.26, there is medium correspondence between the two datasets. Especially at relatively low 
values of monthly evapotranspiration they differ, where FLUXCOM tends to produce higher estimates of 
(forest) evapotranspiration than GLDAS.  
 
From the map of the difference between the two datasets it can be seen that areas of positive and 
negative difference exist throughout the tropics, but that especially in Africa, FLUXCOM estimates higher 
evapotranspiration levels than GLDAS. Underestimations of evapotranspiration by GLDAS would imply 
that changes in forest cover may have larger effects than we currently account for. However, as the 
sensitivity analyses of forest hysteresis to evapotranspiration changes presented in response to 



comments from reviewer 2 show, sensitivity of hysteresis to evapotranspiration is relatively low. In 
addition, Jung et al. (2019) hypothesize that the higher carbon uptake in FLUXCOM in comparison to 
modelled data in the tropics could be due to systematic bias in flux measurement data. They don’t 
mention possible bias in the modelled data that they compare FLUXCOM to. However, Mueller et al. 
(2013) show that GLDAS is on the lower side with their estimates. 
 
We added these figures as Figs. S15-S17, described in the Methods in lines 466-479 in the new section 
“Validation and sensitivity analyses”. 
 
 
 

 
Monthly evaporation (2003-2014) from FLUXCOM versus GLDAS (all data points). The r2 refers to the 
concordance correlation coefficient (correspondence along the 1:1 line). 
 



 
Monthly evaporation (2003-2014) from FLUXCOM versus GLDAS (only forested areas). The r2 refers to 
the concordance correlation coefficient (correspondence along the 1:1 line). 
 

 
Mean annual evapotranspiration (2003-2014) from FLUXCOM minus that from GLDAS. 
 
The PCRaster Global Water Balance model, used to estimate the forest (fraction of) evapotranspiration, 
is described in detail by (Sutanudjaja et al. 2018). They provide a model validation of discharge 
compared to data from the Global Runoff Data Centre (GRDC). Discharge is modelled well in monsoon-
dominated areas, which cover a large part of the tropics. They do find that model results in first-world 
regions (e.g. US, Europe) compare better to observations, but this is related to the meteorological 



forcing being of better quality in such areas due to better / more observations. In Africa, model 
deficiencies arise in the Niger area due to groundwater processes and underestimation of evaporation 
over the delta regions. We acknowledge that no model validation or uncertainty testing has been done 
with respect to evapotranspiration, but we assume that when discharge is modelled well, so is 
evapotranspiration. 
 
3. Atmospheric moisture tracking 
Our atmospheric moisture tracking is carried out based on meteorological data from ERA5, which is 
numerical weather model outputs adjusted using data-assimilation from remotely sensed data, and 
therefore can be considered to be partly observation-based. Previous moisture tracking comparisons 
between the reanalysis data of ERA-Interim and MERRA shows that performance are similar in general, 
but that ERA-Interim performs better than MERRA in South America due to an overestimation of 
Atlantic ocean evaporation contribution to land precipitation in MERRA (Keys et al. 2014). 
 
Direct observations of moisture recycling pathways for validation of model-based tracking cannot be 
obtained. Indirect observation of moisture recycling pathways include remote-sensing leaf-area index 
(Spracklen, Arnold, and Taylor 2012; Spracklen and Garcia‐Carreras 2015) and isotope studies (e.g. 
Yoshimura 2015; Galewsky et al. 2016). Neither of these methods, however, generate datasets that can 
be used for direct validations, and the interpretation of isotope measurements also requires modelling 
and contains substantial uncertainty. Isotopic data are also minimal; the recent project MUSICA 
(Schneider et al. 2017) may offer a way to validate moisture tracking models, but is originally designed 
to validate moisture pathways in atmospheric models rather than moisture tracking with regard to 
specific terrestrial sources. We are not aware of any attempts to make use of these data for moisture 
tracking validation.   
 
Due to comparisons between different types of moisture tracking models in previous studies, we can be 
confident that the moisture tracking models are fairly reliable over large areas and time scales (as in this 
study). For example, van der Ent et al. (2013) showed that tagging scheme based on Eulerian tracking, 
Eulerian tracking on model coordinates, and Lagrangian tracking on Eulerian coordinates (this study) 
produced fairly similar global patterns. Moisture recycling sources over the Amazon and Congo appear 
to be fairly consistent among different studies (Gimeno et al. 2020). 
 
There are some uncertainties related to the moisture tracking, which possibly affect the current study. 
These include (1) forcing data with possibly too few atmospheric layers in regions with strong horizontal 
shear, (2) insufficient amount of tracer parcels released in Lagrangian models, and (3) uncertain vertical 
mixing assumptions. In this study, the Lagrangian model took into account 25 atmospheric layers, 
released 10 traced parcels per mm of ET at surface level and tracked these for 30 days, or until 99% of 
the moisture was allocated. As is demonstrated in Tuinenburg and Staal (2020), the number of parcels is 
adequate over these monthly timescales. Furthermore, our trajectory model is forced with a high 
density of vertical layers in the lower troposphere, where the vast majority of atmospheric moisture is 
located. Therefore, we argue that the main uncertainty in the moisture tracking is due to the vertical 
mixing assumptions, as also demonstrated in Tuinenburg and Staal (2020).  As we further discuss in 
response to reviewer 2, we have done a number of sensitivity experiments with respect to the vertical 
mixing during tracking. In the standard model, every moisture parcel has a probability to be vertically 
mixed along the moisture profile. This probability is such that this mixing happens once per day for each 
parcel in average. In the sensitivity experiments, we have changed the probability such that the mixing 
happens once per hour (strong mixing), once per 24 hours (medium mixing) and once per 120 hours 
(weak mixing). The results of these mixing experiments on the overall analysis show low sensitivity to 



mixing speed. This is presented in the supplementary analysis as Fig. S20; it is also pasted along with 
results of other sensitivity analyses below, in response to reviewer 2. 
 
4. Climate scenarios 
For the future projections of the climatic conditions we rely on the CMIP6 model scenario outputs. Its 
predecessor CMIP5 has been used in the IPCC 5th assessment report (IPCC AR5 https://www.ipcc.ch) and 
shown to mostly replicate features of the global climate system (see IPPC AR5 Chapter 9 and figure 
9.24). Climate experts therefore have very high confidence in the validity of the model outputs as they 
are also permanently corrected for errors (Schmidt, Shindell, and Tsigaridis 2014). 
 
With the new modelling round in CMIP6 the range of climate variables and processes that have been 
evaluated has greatly expanded (with among others increasing resolutions of 25 x 25 km, altitudinal 
corrections and cloud formations and -feedbacks, etc.) but is also more rigorously evaluated 
(https://pcmdi.llnl.gov/CMIP6/). Differences between models and observations are regularly quantified 
using ‘performance metrics’ (see e.g. https://www.climate-lab-book.ac.uk/comparing-cmip5-
observations/).  The evaluation criteria of model in the CMIP6 cover mean current climate, historical 
climate change, variability on multiple time scales and regional modes of variability.  
 
In general, it has been shown that the models reproduce very well observed large-scale mean surface 
temperature and precipitation patterns. Systematic errors are mainly found for high altitude areas, in 
some North Atlantic regions, and over areas of ocean upwelling near the equator, as here characteristic 
local climatic characteristics have strong impacts that cannot covered by the models. Therefore, 
especially on regional scales (sub-continental and smaller), the confidence in model capability to 
simulate the climate is lower than for the larger scales. 
 
Another weakness is related to the model prediction of precipitation which appears to be based on 
available water for precipitation. This is particularly relevant when studying future climates. I think the 
authors need to provide some evidence that their approach is valid under future climate scenarios.  
 
The big uncertainty regarding the validity of our approach relates to the correspondence of future 
moisture recycling patterns to those of the present. Our moisture recycling analyses are based on 
atmospheric reanalysis data, so they run a posteriori. The climate scenarios are applied offline and are 
provided the same moisture recycling patterns as in the present. Thus, the extension of our analysis into 
the late 21st century must be seen as a crude first step in understanding the role of the forest-rainfall 
feedback in shaping tropical forest hysteresis into the future. As a first-order check for validity of our 
approach under future climate scenarios, we obtained the average vertically integrated latitudinal and 
longitudinal moisture flows from the CMIP6 models that we used. Here, we compare 2015-2020, which 
is the start of the scenario runs, with 2095-2100, which is the end. This result is newly included as 
supplementary Fig. S23 and pasted below. Blue lines indicate the mean for 2015-2020 ± one standard 
deviation, and the red lines 2095-2100 ± one standard deviation. It can be seen that the CMIP6 models 
project larger moisture fluxes by the end of the 21st century. We did not account for this, but 
acknowledge this limitation in lines 301-303. We also expanded the Methods accordingly. 
 

https://www.ipcc.ch/
https://pcmdi.llnl.gov/CMIP6/


 
 
 
Minor comments 
 
Figure 2. It would be useful to have a plot of simulated change in rainfall between the two periods. Does 
the change in forest extent in (c) match the change in rainfall. 
 
Figures S4B-C show the mean annual rainfall for 2003-2014 and 2071-2100. Figures S6A-D show the 
mean annual rainfall levels for 2003-2014 under both minimal and maximal forest cover, and for 2071-
2100 under both minimal and maximal forest cover. We understand that for comparison with Figure 2C, 
it is useful to have a plot that specifically shows the simulated change in rainfall between 2003-2014 and 
2071-2100 under the most extreme scenarios, that is, 2003-2014 under minimal cover and 2071-2100 
under maximal cover. Therefore, we added a new Figure S7 that shows this. We refer to this new figure 
in the captions of Figs. 2 and 3. 
 

 
Difference in mean annual rainfall levels in mm yr-1 between the recent climate (2003-2014) at minimal 
forest and the SSP5-8.5 scenario for 2071‒2100 at maximal forest extent. The color scale was cut off at 
the high end at 3000 mm yr-1. 
 
Line 76-79. How does this approach account of deforested regions where tree cover is artificially low? 
 
We accounted for human land-use changes in estimating bistability by first masking out human-used 
areas according to the 2009 ESA GlobCover dataset (as well as water bodies and bare ground; values 11-
30 and ≥190 in the dataset). This was mentioned in the Methods, but not in the main text. We added tis 
statement to the main text (line 76-77): “Forest cover distributions (excluding human-used areas, water 
bodies and bare ground; see Methods) …”. 
 
Line 142. Do you also exclude any impacts of rising CO2 concentrations and changes in water-use 
efficiency. 



 
Unfortunately, we do not. We agree that this is important to mention here, so we added that, and more 
(lines 171-174): ”It disregards other important factors such as temperature change and changes in 
rainfall variability. Further, we do not account for tree adaptations, for example regarding water-use 
efficiency due to increasing CO2 concentration or changes in carbon allocation by trees as a result of 
changing stress.” 
 
Line 223. This study includes numerous errors that have been outlined in a number of critical comments. 
These errors means the conclusions of the paper are misleading. I would suggest providing a different 
reference to support this statement.  
 
The study by (Bastin et al. 2019) is indeed rather controversial. To reflect the current debate better, we 
decided to change the sentence to “Reforestation and afforestation in the tropics are currently 
discussed as a climate change mitigation measure”, where we refer to a number of the responses to 
Bastin et al. (2019) and other relevant work as well (Friedlingstein et al. 2019; Grainger et al. 2019; 
Griscom et al. 2020; Lewis et al. 2019; Skidmore et al. 2019; Veldman et al. 2019). 
 
Furthermore, because of the controversy, we already referred in (the former) line 220 to the study by 
(Brancalion et al. 2019), which, to our knowledge, is not controversial. It specifically targets the tropics 
and takes into account biodiversity and social considerations. Mainly because of the recent discussions 
sparked by the Bastin et al. paper, we also added the statement that “… though it is important to note 
that afforesting natural grasslands and savannas may neither be a feasible nor desirable climate change 
mitigation measure, and a number of other considerations, including biodiversity, would need to be 
accounted for.” 
 
Line 260. Why do you exclude tropical forests between 23N and 15N?  
 
We are aware that different studies adopt different definitions of the tropics. The main reason we 
excluded that area is that it is consistent with the study domain of (Hirota et al. 2011), which is an 
important building block for our study: this influential study first outlined the methodology for inferring 
local-scale hysteresis of forest cover in the tropics. In its slipstream, a number of studies on forest-
savanna bistability have adopted the same study area (Holmgren et al. 2013; Staal et al. 2016; Staal, van 
Nes, et al. 2018; Van Nes et al. 2014, 2018). We chose for consistency with the results presented in 
those papers and therefore refer to Hirota et al. where we define our study area (line 312). 
 
Line 270. What do you mean by “high resolution forest data”? What dataset did you use? What is the 
resolution of the climate data used for this analysis? If the rainfall data is relatively coarse (0.25 
degrees), what is the benefit of conducting this analysis at high resolution? 
 
The details of the data (Landsat tree cover data for 2000 on 30 m resolution) are given a few lines 
below. To avoid confusion, we removed the early reference to “high resolution” in (the former) line 270. 
 
The benefit of using high-resolution tree cover data - despite the coarser resolution of rainfall data - is 
that tree cover varies on much smaller spatial scales than rainfall. It is inherent in the bistability of tree 
cover that under the same rainfall conditions (e.g., within one coarser pixel for rainfall) tree cover may 
be in either of alternative stable states. If we would, for instance, average tree cover to the scale of the 
rainfall data, we would lose the local-scale bimodality and with that the statistical signature of 
bistability. Such details can be found in Hirota et al. (2011), to which we refer here. 



 
Line 283. Is there an issue around consistency of the input datasets used in the different modelling tools. 
I.e., GLDAS versus ERA-5. 
 
As in previous work (Staal, Tuinenburg, et al. 2018),we used the GLDAS evaporation products, because 
that is a model product that is focused on simulating realistic land surface fluxes, whereas the 
atmospheric reanalysis products prioritize minimizing the atmospheric errors. Moreover, GLDAS 
provides a more detailed ET separation into bare soil, transpiration, skin reservoir evaporation, etc. Due 
to the data assimilation (most dominantly near-surface humidity and temperature) in the reanalysis, 
moisture may be added to or removed from the land surface (Tuinenburg and de Vries 2017), which may 
affect the land surface fluxes. This set-up means that there may be an inconsistency in the moisture 
budget (GLDAS ET mismatching with the ERA5 humidity changes). It should be noted that this mismatch 
is also already present in the ERA5 reanalysis itself, due to its inability to conserve moisture. Most 
importantly, we believe that this mismatch will not affect our results much. Compared to the other 
fluxes and the atmospheric flow variability, ET is a flux that is relatively constant in time. Therefore, we 
expect the GLDAS ET and ERA5 ET to be well temporally correlated. This means that we are releasing 
moisture into the atmosphere at comparable moments, and effectively sampling the atmospheric flow 
regimes the same for GLDAS ET as would have been the case for ERA5 ET. We added the consistency 
with (Staal, Tuinenburg, et al. 2018) in line 334. 
 
Line 398. I’m not sure understand this statement. Does this mean that you do not account for changes in 
atmospheric circulation in a future climate? This seems like a major simplification that requires further 
justification.  
 
That is correct. Moisture tracking models at present cannot account for changes in future winds as they 
are based on atmospheric reanalysis data. It is a research frontier in this field to study future changes in 
moisture recycling and it is outside the scope of our current work. We agree it is important to 
acknowledge and justify that clearly in lines 301-303. 
 
 
Reviewer #2 (Remarks to the Author): 
 
 
OVERALL ASSESSMENT: 
 
The paper by Staal and co-authors presents an analysis of the hysteresis in forest cover throughout the 
tropics. They have used the geographic distribution of forests at the end of the 20th century and mean 
annual precipitation amounts during that period to estimate levels of rainfall where both forested and 
unforested ecosystems are both present, with these area’s deemed ‘bi-stable’. Using this stability 
landscape, they then estimated the maximal and minimal extent of cover under current and future 
climates. A particularly interesting analysis undertaken here is an evaluation of how maximal and 
minimal forest would be changed if climatological feedbacks are considered. Overall the paper is well 
written and clear, though there are a number of broad and specific points we need to be addressed as 
described below 
 
Thank you for these encouraging words. 
 



For this revision we implemented one minor adjustment in the method regarding the calculation of 
(un)stable forest area. In the previous version, the calculation for the area of minimally stable forest 
were affected by the current forest cover distributions. Thus, for example, if a forest patch has 90% 
cover but is predicted to be stable/resilient, it counted as (area × 90%) forest cover. Also, forest cover in 
areas that were predicted to be unstable for 2003-2014 conditions (which occurred occasionally) was 
retained in the estimate of minimally stable forest cover. Similarly, and more importantly, non-forested 
areas that were predicted to be uni-stable forest were not classified as stable. This means that 
deforested areas under high rainfall levels (the stable forest domain) were not included in the estimated 
area of stable forest. In the new version, we calculated the minimal and maximal forest extents 
regardless of present land cover. We believe that this adjustment better reflects the aims of our study 
and ensures internal consistency. It resulted in some quantitative changes in the forest extent along the 
vertical in Figure 3 and to slight changes in the maps in Figure 2. The only qualitative change that 
resulted from it is that minimal forest area in Australasia is now above 100% of its present extent. This is 
due to the fact that in many areas of predicted stable/resilient forest cover, observed forest cover is 
below 100%. 
 
 
BROAD CONCERNS 
 
Much of the abstract is about rainfall-forest feedbacks and moisture recycling. This is an interesting part 
of the analysis that the authors have undertaken. However only a small portion of the text is focused on 
the rainfall-forest feedbacks. For instance, in the introduction, “we find that forest-rainfall feedback 
expands the range of possible forest distributions especially “. But how much of this is the hysteresis 
effect and how much is the rainfall forest feedback. No figures in the main text or SI compare 
distributions in the static and dynamic rainfall models. Improving the characterization of the effects of 
this mechanics would add to this paper.  
 
Throughout this paper, a number of oversimplifications were made, particularly with respect to why 
different forest covers can occur at the same annual precipitation totals. Various other factors, such as 
rainfall seasonality and intensity, as well as soil properties are disregarded here, even though the 
authors own analysis demonstrates that the MCWD (a measure of dry season intensity) was clearly 
demonstrated to influence forest cover. In fact, this is a core logical fallacy of this paper. On one hand 
the technique of creating “stability landscapes” is useful for identifying bi-stability (as in the case of 
rainfall) but on the other hand the same technique isn’t useful (as in the case of the MCWD) because “it 
is known that forests are stable at sufficiently high mean annual rainfall levels” (with the quote from 
L119 of the text). This acknowledges that the authors approach can produce spurious identification of 
bi-stable locations, so how/why are we to believe that the rainfall bi-stabilities’ are the valid estimates 
of bi-stable locations. 
 
We understand this concern, but do not agree that it implies a logical fallacy of our work. We think that 
a misunderstanding arises from a difference in interpretation of the importance of MCWD as a control 
variable for forest cover bistability.  
 
The technique of creating stability landscapes is useful only when the resilience of the response variable 
(here, forest cover) is affected by the control variable monotonically. If it is not, then that means that 
other factors are more important. If mentioned control variable is still used to estimate bistability, then, 
as the reviewer rightfully states, the approach can produce spurious identification of bistable locations.  
 



In the figures below we plot the ratio of forested cells over nonforested cells along bins of mean rainfall 
and MCWD. (We used one million data points for each continent, the same as used in the manuscript to 
construct the bifurcation plots.) A higher ratio means that forests are relatively more stable. It can be 
clearly seen that mean rainfall relates fairly monotonically and consistently (i.e. across rainfall values 
and across continents) to forest stability, but that MCWD does not. That is the reason why the use of 
MCWD as control variable may result in mentioned spurious identifications, but mean rainfall does not. 
 

 

 



 
 
 
A second major concern here is the role of uncertainty in this approach. Many of the datasets and 
methods here contain significant uncertainty. One reason CMIP includes multiple models is because it is 
unclear at this time which model is best, and the inter-model spread describes to some degree our 
uncertainty in future predictions. The same is true for precipitation estimates and land surface models 
for the modern era. However, there is no analysis of how potential errors and uncertainty in forest 
cover, bi-stable regions, model rainfall, etc. will influence the conclusions drawn, or why they were not 
considered. Given the simplified nature of the model of forest cover (i.e. it is solely based on mean 
annual precipitation) some effort should be made to convince the readers that this approach can 
accurately model forest distributions observed presently. 
 
Thank you for this suggestion. We have performed a set of analyses to test the sensitivity of forest 
hysteresis to a number of important uncertain variables. These variables are: forest evapotranspiration, 
forest cover bifurcation points, atmospheric mixing speed of moisture, and CMIP6 model. This resulted 
in a considerable number of additional runs with large computational demand, which is why we 
performed all sensitivity analyses for the atmospheric moisture flows of 2003 only. The figures for the 
relative effects on predicted forest hysteresis below. 
 
It can be seen from the figures that the sensitivity of hysteresis to the uncertainty in forest 
evapotranspiration and atmospheric mixing speed is small. We find larger sensitivity to bifurcation 
points. A higher value for the lower of the two bifurcation points reduces maximal forest area and a 
higher value of the upper bifurcation point reduces minimal forest extent on each continent. For South 
America and Australasia, the same increase for both of the bifurcation points (thus maintaining the 
width of local-scale forest hysteresis) increases the continental-scale hysteresis, while for Africa, an 
increase in bifurcation points reduces continental-scale hysteresis. 
 
The greatest sensitivity occurs for the late 21st-century climate related to the CMIP6 models. There is 
large spread around the hysteresis for multi-model average mean rainfall values (as in the main text). 
For Africa and Australasia, the lowest estimate for maximal forest extent is smaller than the highest 
estimate for minimal forest extent. We also mapped the uncertainties across CMIP6 models by showing 
mean annual precipitation across models, median annual precipitation, minimal precipitation, maximal 



precipitation, maximal minus minimal precipitation and the coefficient of variation in mean precipitation 
across models. It can be seen from, for instance, maximal minus minimal precipitation, that the 
uncertainties occur on all continents. 
 
We added these figures to the supplementary material (Figures S18-S21), include a discussion about 
these sensitivities to the main text (lines 126-135) and expanded the methods accordingly (lines 481-
493). 
 

 
 

 
 

 
 



 

 
 



Also, moisture tracking is described in the methods but not in the paper main body. Why/where is this 
analysis done and what did you learn from it? Besides within the methods, the word ‘tracking’ only 
appears in the main body of the manuscript to state that it was done.  
 
Moisture tracking is the key method to estimate the regional forest-rainfall feedback. Without it, we 
cannot determine where forest evapotranspiration precipitates and thus map out forest hysteresis due 
to this effect. We start presenting the results including moisture tracking from the second paragraph of 
the Results & Discussion. To prevent any confusion, we now start off that paragraph with “Next, we use 
atmospheric moisture tracking of forest evapotranspiration to determine the effects of the forest 
rainfall feedback.” (lines 93-94) 
 
The most important lesson from these simulations is that “For South America, we find an increase in 
estimated forest hysteresis due to the forest-rainfall feedback of 22% to 7.79 million km2, in Africa by 
14% to 5.33 million km2, and in Australasia by 2% to 0.69 million km2 (Figs. 2a, S13a).” (lines 119-122) 
 
SPECIFIC CONCERNS 
 
L16: I don’t think this paper includes an analysis of “local-scale tipping points”. Please rephrase. 
 
In this paper, we do provide original estimates of local-scale tipping points of forest cover, based on 
Landsat forest cover data at 30 m resolution (Figs. S1-S3). Tipping point is here defined as a saddle-node 
bifurcation point for forest cover against mean annual rainfall, consistent with commonly used 
definitions of tipping points (Lenton 2013; Van Nes et al. 2016). In other words, the tipping points 
delimit the hysteresis. We clarified this in the Introduction in lines 55-56, where we state that we base 
our analysis on “remote-sensing-based estimates of local hysteresis as delimited by local-scale tipping 
points”. 
 
We believe that “we determine the emergent hysteresis from local-scale tipping points and regional-
scale forest-rainfall feedbacks” in the Abstract reflects the contents of our study, so we prefer to retain 
that wording. 
 
L19: You do not show in the main body any of the moisture tracking results. 
 
It is true that we did not present moisture tracking results in isolation; but of course, figures 2 and 3 and 
all hysteresis simulations depend on these moisture tracking simulations. In addition, we now calculated 
the forest precipitation recycling ratio under the different scenarios. We define the forest precipitation 
recycling ratio as the percentage of continental precipitation for which forests are responsible. For 
South America, we find that at minimal forest extent under the current climate this ratio is 8% and at 
maximal forest extent it is 19%. For Africa, the respective ratios are 0% and 10%. For Australasia they are 
1% and 2%. Under severe climate change, minimal and maximal forest precipitation recycling ratios for 
South America are 1% and 11%, for Africa 0% and 6%, and for Australasia 0% and 0%. We provide these 
results in the main text in the section “Forest hysteresis effects on rainfall” (lines 209-261). 
 
L20: Clarify that this is the geographic distribution, not PDF of forest covers. 
 
We rephrased to “the geographic range of possible forest distributions”. 
 
L77: The landscape is what is bi-stable, not the forest. Another more fitting word choice would be the 



forest cover. With both forest and non-forest possible states. Same issues in line 80. Saying the forest is 
stable as a savanna is contradictory. 
 
We changed this section to: “Forest cover distributions (excluding human-used areas, water bodies and 
bare ground; see Methods) indicate that forest cover in South America is bistable between mean annual 
rainfall levels of 1,250−2,050 mm yr-1; within this range, both forests and a savanna-like nonforested 
state are found. For Africa we find this bistability between 1,350−2,050 mm yr-1, and in Australasia 
between 1,550−1,950 mm yr-1 (Figs. S1−S5). In this paper, forests within these ranges are called ‘bistable 
forests’. At rainfall levels above these ranges, forest cover is uni-stable—simply ‘stable’ from here on—
meaning that forests always recover from disturbances.” 
 
L90: The rainfall and forest’s are not interacting at each time step. The forests are determining rainfall 
within the model. But the Rainfall only determines the forest cover outside of the model. 
 
That is correct. We rephrased this section as follows (lines 93-97): “Next, we use atmospheric moisture 
tracking of forest evapotranspiration to determine the effects of the forest rainfall feedback. We 
simulate rainfall with forest cover removed and determine the minimal extent of forest cover (i.e. only 
the ‘green forests’ of Fig. 1) under these conditions. We iterate this procedure where at each iteration, 
rainfall levels and forest distributions are updated depending on the forest-rainfall interactions.” 
 
We rephrased the beginning of the next paragraph (lines 106-108) as “Similar to the experiment to 
determine minimal forest extent, we simulate rainfall in case of full forest cover and determine the 
maximal extent of forest cover (i.e. retaining both the ‘yellow’ and ‘green forests’ of Fig. 1).” 
 
L90-97: Can you also express these numbers as fractions of the forest there. These differences may be 
pretty small as a percent of total area, or not?. Also add some of these to Figure 3. 
 
We included the fractions of the forest in this paragraph as well as the following one (lines 93-124). 
Figure 3 has percentages of current forest on the y axis. Depending on the continent this ranges 
between 1% to 158% fractional change of current forest. 
 
L110: You don’t find an increase in hysteresis. You find an increase in forest due to hysteresis. 
 
The effect of the forest-rainfall feedback on forest hysteresis works in two directions: on the one hand, 
it increases the maximal forest extent, as extensive forest partly creates the conditions enabling itself. 
On the other hand, at the minimal forest extent, rainfall would be lower than it is at present. Therefore, 
the forest-rainfall feedback also decreases the minimal forest extent relative to a situation with rainfall 
levels that are independent of forest cover. In other words, while it is true that the forest-rainfall 
feedback increases maximal forest extent, it also decreases minimal forest extent relative to its estimate 
based on observed rainfall levels and forest cover distributions. Thus, it expands estimated hysteresis. 
 
We understand that this point was not clear enough in the text, so we added the following sentence 
(lines 122-124): “Note that these numbers result from both increased maximal and decreased minimal 
forest extent under rainfall levels adjusted for the effects of forest cover relative to these extents under 
static rainfall levels.” 
 



Also, inspired by the last comment (below), we included the forest cover ranges under ‘static climates’ 
(i.e. in the absence of forest-rainfall feedback) in Figure 3. It can be seen that the hysteresis in this case 
is more narrow from both sides than when the forest-rainfall feedback is accounted for. 
 
L111: Is this with the static or dynamically estimated climates? 
 
We hope that the added sentence under the previous comment clarifies this. 
 
L113: Beyond resilience, a number of papers have shown that climate seasonality, rainfall intensity, soil 
properties, and other factors determine the geographic distribution of where forest are found. 
 
That is correct. To better reflect this we revised the text and added more references (lines 137-139): 
“Apart from mean annual rainfall, also other climatic variables, including rainfall variability, affect forest 
distributions and resilience regionally (Holmgren et al. 2013; X. Xu et al. 2018; Ciemer et al. 2019), while 
variations in soils and topography may affect them on local scales (Daskin, Aires, and Staver 2019; Flores 
et al. 2020).” 
 
L119: What is the basis of this statement? 
 
This could indeed have been written more clearly and carefully, as well as properly referenced. We 
revised this sentence to (lines 143-145): “However, forest cover distributions suggest that forests are 
stable at sufficiently high mean annual rainfall levels even with some level of seasonality (Ciemer et al. 
2019; Staver, Archibald, and Levin 2011).” 
 
L120: I fail to see how this is the ‘conservative’ approach. I would think that the conservative approach 
would be to consider both possible mechanism, in the event that multiple mechanisms are possibly 
affecting the outcome. You could have conducted this entire analysis with the MCWD stabity landscapes 
for instance. How would this change your conclusions? 
 
The reasoning behind our ‘conservative approach’ is the same as explained in response to the first broad 
concern. As shown in Fig. S12, if we use MCWD as control variable for forest stability, we end up 
predicting the entire tropics to be bistable. The reason is that MCWD by itself does not consistently 
predict forest resilience, as illustrated in the figures presented in response to the first concern. 
 
As a further illustration of our reasoning, consider the following example. A forest has a mean annual 
rainfall of 3000 mm and a mean MCWD of 100 mm. Based on the one-dimensional stability landscapes 
against each of these independent variables, different conclusions can be drawn: based on mean 
rainfall, we would conclude that this forest is stable/resilient, because nonforested areas with 3000 mm 
annual rainfall are very rare, regardless of MCWD (Figs. S1-S3). Based on MCWD alone, we would 
conclude that forest cover is bistable under these conditions (Fig. S11). Thus, if we base our analysis on 
MCWD we would overestimate hysteresis. Importantly, this does not occur the other way around. Thus, 
mean rainfall is the dominant variable demarcating the bistability range although MCWD may still affect 
stability. It is in this sense that we adopt a conservative approach: if we would consider landscapes 
bistable if either mean rainfall or MCWD predicts bistability, we would obtain larger estimates of 
hysteresis, which, given the above, would result in overestimations of hysteresis. We expanded the 
explanations in the manuscript in lines 145-147. 
 
L173: Only hysteresis effects on rainfall are presented here, your model outputs other components of 



the hydrologic cycle, so either present these as well or change your section header to precipitation, 
since that is all you discuss. 
 
Indeed, here we only discuss the rainfall component of the hydrological cycle, so we changed the 
section header to “Forest hysteresis effects on rainfall”. 
 
L249: What is the basis of this statement. 
 
The basis for this statement that “deforestation, not global climate change, could make [the Congo 
forest] tip” is 1) that we found that most of the Congo forest is bistable and therefore potentially 
sensitive to the deforestation-induced reductions in rainfall; and 2) the climate scenarios predict 
increases in mean rainfall in this region, increasing the forest’s resilience. However, we realize that this 
is a strong statement that should be weakened. We revised the respective sentences to (lines 290-293): 
”Because our results indicate that the Congo forest is bistable, but that global climate change may 
enhance its resilience, we suggest that deforestation has a potentially larger effect on its possible 
tipping than global climate change.” 
 
L304: While this is interesting, I didn’t see anywhere in the main text where this work is discussed. Either 
remove it from the methods or discuss it in the text. 
 
Atmospheric moisture tracking is an essential part of our analysis of the forest-rainfall feedback (Fig. 1b), 
so this section cannot be removed from the methods. Where we discuss results regarding the forest-
rainfall feedback in the main text, we depend on the moisture tracking simulations. We tracked the 
forest-induced evapotranspiration from its source (location of evapotranspiration) to its sink (the 
location of precipitation) to quantify the extent to which forest cover enhances regional rainfall levels. 
This point was not so clear in the methods as this section was not linked to the previous section about 
forest evapotranspiration. Therefore, we added the following sentence at the start of this section (lines 
355-357): “As an essential step in estimating the forest-rainfall feedback, we determined where the 
moisture from enhanced evapotranspiration precipitates again by using atmospheric moisture tracking.” 
 
Figure 3: Can you add on to this plot the levels of maximal and minimal forest under the static climate? 
 
That is a good idea. We added dashed lines representing the minimal and maximal forest extent for each 
continent and each climate period to Figure 3 and changed the caption accordingly. 
 

 
 
-Stephen Good 
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REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The authors have responded to all my comments and those of the other referee. The author responses 

are detailed and largely address my concerns or suitable describe why the comment is difficult to 

address. Revisions have been made to the manuscript and the revised manuscript is much improved. 

Overall, I think that the revised manuscript is suitable for publication. 

Reviewer #3 (Remarks to the Author): 

Thank you for your invitation to review this stimulating paper by Staal and collaborators. The paper 

proposes a simple, yet important, exercise to assess the potential effects of rainfall changes on the 

distribution of forests in a latitudinal band within the tropics. As a global exercise, the paper requires a 

great deal of assumptions that, eventually can affect its results, particularly at the local-to-regional 

scales (the main focus of the paper). For instance, in South America, the interaction between the 

Andes and the Amazon is a fundamental aspect of the regional climate and determines the ecological, 

hydrological and biogeochemical dynamics of the Amazon. No differentiation between forest types can 

lead to potential overgeneralizations about the functioning of these important forests. Collectively, this 

global-scale exercise of local-to-regional forest-water interaction can suffer from accumulation of 

assumptions and biases from its definitions, data sources and models. Overlooking local-to-regional 

particularities, as well as fundamental biogeochemical aspects of forest structure and functions can 

limit the ability to conclude about forest resilience (and hysteresis) This accumulation of uncertainties 

leads to a potentially poor prediction capacity. 

The concept of ecosystem hysteresis is very important and current, as world´s ecosystems respond to 

more pressure from multiple disturbances. However, given that the mechanisms associated with forest 

function go beyond those explored here, perhaps predicting whole ecosystem hysteresis properties 

with only forest-rainfall interactions can be a little bold as forests are more than tree cover. I suggest 

making sure this is stated at the beginning. 

Specific comments: 

13. Very bold opening statement 

30. What (quantitatively) is a rainfall level? There are more precise ways to define rainfall regimes 

33. Perhaps what is “bimodal” is not the ecosystem per se but rather the (artificial) classification 

system. Most land cover classification systems use a quasi-arbitrary land/canopy cover threshold to 

differentiate a forest from a non-forest. However, more recent literature on ecotones has different 

approaches to define forest/non-forest transitions. 

44. This is relative and perhaps only valid up to a certain point. See effects of recent (2005 and 2014) 

droughts in the Amazon 

79. Most savannas in Northern South America (Venezuela and Colombia) receive more than 2000 mm 

year-1 and they, naturally, are not forests. Perhaps this assumption needs to be validated. 

84. This is a critical assumption: the only potential disturbance to forest stability is rain? “Forests 

always recover from disturbance” Is this true, particularly in the light of current changes in which 

multiple disturbances occur simultaneously? 

98. 83 million km2? 87 million km2? 

147. Is this really a conservative approach? I would argue that the potential to cross a tipping point 

(and therefore, overestimating bi-stability) is not conservative given the uncertain effects of climate 

change 

151. As mentioned before, Forest-savanna transition in Northern South America does not follow the 

same set of rules. 

213. Fully forested forest? 



348. Any comment on the performance of ERA-Interim in the tropics (particularly in mountain 

regions)?



Reviewer #1 (Remarks to the Author): 

 

The authors have responded to all my comments and those of the other referee. The author responses 

are detailed and largely address my concerns or suitable describe why the comment is difficult to 

address. Revisions have been made to the manuscript and the revised manuscript is much improved. 

Overall, I think that the revised manuscript is suitable for publication. 

 

Thank you. We are happy that our responses and the revisions were satisfactory. 

 

Reviewer #3 (Remarks to the Author): 

 

Thank you for your invitation to review this stimulating paper by Staal and collaborators. The paper 

proposes a simple, yet important, exercise to assess the potential effects of rainfall changes on the 

distribution of forests in a latitudinal band within the tropics. As a global exercise, the paper requires a 

great deal of assumptions that, eventually can affect its results, particularly at the local-to-regional 

scales (the main focus of the paper). For instance, in South America, the interaction between the 

Andes and the Amazon is a fundamental aspect of the regional climate and determines the ecological, 

hydrological and biogeochemical dynamics of the Amazon. No differentiation between forest types 

can lead to potential overgeneralizations about the functioning of these important forests. Collectively, 

this global-scale exercise of local-to-regional forest-water interaction can suffer from accumulation of 

assumptions and biases from its definitions, data sources and models. 

Overlooking local-to-regional particularities, as well as fundamental biogeochemical aspects of forest 

structure and functions can limit the ability to conclude about forest resilience (and hysteresis) This 

accumulation of uncertainties leads to a potentially poor prediction capacity. 

 

Thank you for the encouraging words and critical reflection. We agree that many local to regional 

differences in forest function were not accounted for and that we rely on a number of assumptions. 

However, although assumptions and local uncertainties may limit the understanding on the regional 

resilience of forests, we address a general phenomenon (hysteresis) that creates even larger prediction 

uncertainties that concerns the forest as a whole and so far has not been investigated well. Moreover, 

to a certain extent we did account for regional hydroclimatic interactions and differences. The 

hydrological model PCR-GLOBWB resolves the forest cover-evapotranspiration relation at 0.5⁰ 

resolution based on local land cover and climate, with spatially explicit parameterizations and thus 

differentiates among different types of forest. Regional interactions via forest-induced moisture 

recycling are resolved at 0.25⁰ resolution. Local forest cover hysteresis against rainfall levels is 

resolved at continental scale. Thus, different forest cover thresholds between, for instance, the Andes 



and Amazon are not accounted for. We added further words of caution at the end of the Discussion, in 

line 297: “Caution should be taken not to overgeneralize the functioning of tropical forests.” 

 

Our simple approach to modelling forest hysteresis has the benefit of limiting the “accumulation of 

uncertainties” resulting from accumulation of model errors that comes with more parameters, 

assumptions, and complex model structures. Still, our analysis should be considered a first-order 

assessment (as also emphasized in lines 170-172) of tropical forest hysteresis due to combined local-

scale hysteresis and regional forest-rainfall interactions, under current climatic conditions and even 

more so under late-21st-century conditions. 

 

Including detailed biogeochemical aspects of forest structure and functions would go far beyond the 

scope of our study, but we agree that they may be important to tropical forest hysteresis. We 

acknowledge this limitation now in lines 140-142: “… while variations in soils and topography, and 

different biogeochemical functioning of forests, may affect [forest distributions and resilience] at local 

scales.” 

 

The concept of ecosystem hysteresis is very important and current, as world´s ecosystems respond to 

more pressure from multiple disturbances. However, given that the mechanisms associated with forest 

function go beyond those explored here, perhaps predicting whole ecosystem hysteresis properties 

with only forest-rainfall interactions can be a little bold as forests are more than tree cover. I suggest 

making sure this is stated at the beginning. 

 

We agree. Many factors affect forest distributions and hysteresis, not only rainfall. We added such a 

statement about these many factors in lines 42-43: “… among the many factors that affect present 

forest extent is past forest extent; in other words, the system exhibits hysteresis”. Next, we highlight 

the role of rainfall (lines 43-44): “Moreover, the importance of past forest extent could be amplified by 

forest-rainfall interactions.” 

 

Specific comments: 

13. Very bold opening statement 

We are convinced that the statement that “tropical forests modify the conditions they depend on 

through feedbacks at different spatial scales” is justified. It is well-established that tropical forests 

contribute to evapotranspiration, which enhances rainfall regionally, although the extent to which (and 

where exactly) that occurs is surrounded with much more uncertainty. The fact that (tropical) forests 

depend on rainfall levels is, of course, clear. Regarding more local scales: in recent years evidence has 

been accumulating for a forest cover-fire feedback (Bowman et al., 2015; Staver et al., 2011; Van Nes 

et al., 2018). Additionally, other feedbacks such as between forest cover and soil fertility (Flores et al., 



2020) and how tropical forests mitigate warming through evaporative cooling (Bonan, 2008) are 

probably at play as well. 

30. What (quantitatively) is a rainfall level? There are more precise ways to define rainfall regimes 

By rainfall level we mean the amount of rainfall within a certain time frame and can thus be 

characterized at different temporal scales. At a range of these scales, forests may enhance the amount 

of rainfall. The average atmospheric residence time of transpired moisture is around nine days (Van 

der Ent et al., 2014), so a change in photosynthetic activity may result in rainfall changes at such short 

time scales (Spracklen et al., 2012). Furthermore, in the Amazon for instance, forests enhance rainfall 

levels especially at seasonal time scales (Staal et al., 2018). Of course, this rainfall enhancement is 

then also reflected in mean annual rainfall levels. Because the statement applies so generally, we chose 

the (indeed rather unspecified) “rainfall levels”. To avoid confusion, and consistent with our analyses, 

we now added “… enhancing rainfall levels at seasonal to annual time scales” (lines 30-31). We also 

added to the methods section (lines 314-315) the role of these time scales: “Previous research has 

shown that tropical forests may have local-scale tipping points at certain mean annual rainfall levels, 

but are also affected by the seasonality of that rainfall.” 

33. Perhaps what is “bimodal” is not the ecosystem per se but rather the (artificial) classification 

system. Most land cover classification systems use a quasi-arbitrary land/canopy cover threshold to 

differentiate a forest from a non-forest. However, more recent literature on ecotones has different 

approaches to define forest/non-forest transitions. 

That is a good point, however, the papers we refer to here (Hirota et al., 2011; Staver et al., 2011), as 

well as the potential analysis in our own paper, are based on continuous values of tree cover. In other 

words, it does not rely on any land cover classification. In this manuscript, we consistently refer to 

“forest cover” regardless of spatial scale, but specify the equivalence to tree cover as used in the above 

papers at the beginning of the introduction (lines 33-35): “… the distribution of continuous values of 

tree cover (‘forest cover’ from here on) is distinctly bimodal. In other words, generally, either a fully 

covered forest or a sparsely covered nonforest (savanna or grassland) is found”. We also added it at 

the beginning of the methods (line 309): “(‘forest cover’ in this manuscript)”. There has been 

discussion in the literature about potential biases in the underlying remote sensing data and the 

possibility of bimodality being an artefact of such biases (Hanan et al., 2015, 2014; Staver and 

Hansen, 2015). However, any such biases are much smaller than the bimodal signal (Staver and 

Hansen, 2015) and independent analyses of canopy height have confirmed that result (Xu et al., 2016, 

2018). 

44. This is relative and perhaps only valid up to a certain point. See effects of recent (2005 and 2014) 

droughts in the Amazon 

That is correct. We added “up to a certain point” (line 48) to avoid confusion. 

79. Most savannas in Northern South America (Venezuela and Colombia) receive more than 2000 mm 

year-1 and they, naturally, are not forests. Perhaps this assumption needs to be validated. 



It is correct that there exist very wet savannas. However, the statement in line 79 (now line 82) is not 

an assumption, but a result of the analysis we did on the forest cover data. This means that, although 

there are data points of low tree cover at rainfall levels above 2000 mm yr-1, these did not lead to 

statistically significant bimodality in forest cover under those rainfall levels. 

84. This is a critical assumption: the only potential disturbance to forest stability is rain? “Forests 

always recover from disturbance” Is this true, particularly in the light of current changes in which 

multiple disturbances occur simultaneously? 

It is indeed an important assumption in our study: at mean annual rainfall levels above the point from 

which currently no significant amounts of savanna are found, forests—under natural disturbances—

eventually have the capacity to recover. We stressed that this is an assumption by changing the text to 

“we assume that forests always recover from natural disturbances” (line 87). 

98. 83 million km2? 87 million km2? 

No, that would be a too large number, given that South America as a whole has an area of 17.8 million 

km2. The estimated area of Amazon forest depends on some assumptions (such as whether the Guiana 

Shield is included, as in our study), but in our estimate it amounts to roughly 8.1 million km2. 

147. Is this really a conservative approach? I would argue that the potential to cross a tipping point 

(and therefore, overestimating bi-stability) is not conservative given the uncertain effects of climate 

change 

We understand the confusion. We are conservative in our estimate of hysteresis, in the sense that if the 

potential analysis indicates that certain levels of mean annual rainfall prohibit hysteresis—even if 

there is a dry season with an intensity at which sometimes bistability may be found (but at other mean 

annual rainfall levels)—we assume no bistability at those mean annual rainfall levels. We made this 

conservativeness in estimating hysteresis more clear by changing the text to “… a conservative 

approach in estimating hysteresis …” (lines 149-150). 

151. As mentioned before, Forest-savanna transition in Northern South America does not follow the 

same set of rules.  

We added the word “generally” so that “those effects generally occur within the mean annual rainfall 

levels that define the broad-scale hysteresis of tropical forests” (lines 153-154). 

213. Fully forested forest? 

Thank you for spotting this. We changed it to “fully forested continent”. 

348. Any comment on the performance of ERA-Interim in the tropics (particularly in mountain 

regions)? 

For this study we used ERA5 data, which has many improvements over ERA-Interim. Especially for 

the tropics, precipitation data are much improved in ERA5 (Nogueira, 2020). Furthermore, regarding 

large-scale dynamics and wind fields, the orography is simulated much better at 0.25⁰ resolution 

(ERA5) than previously at 0.75⁰ resolution (ERA-Interim), which has large consequences for 

mountainous regions as more specific spatial characteristics in these regions can be accounted for 



(Belmonte Rivas and Stoffelen, 2019; Hoffmann et al., 2019). We added the following, including 

reference to mentioned papers: “ERA5 has better performance than ERA-Interim regarding wind 

fields and rainfall, especially in the tropics” (lines 356-357). 
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