
Referee comment 1

RC 1.1. General comments

The authors quantify the environmental flow violation for most worldwide sub-basins using
environmental flow envelopes (EFE). EFE are based on previously established minimum
environmental flow requirements and a newly established maximum environmental flow
requirement. EFE quantification was based on pre-industrial simulations of several global
hydrological models (GHM), under various global circulation models (GCM), and applied to
historical simulations for each GHM. Results inform about the frequency and severity of EFE
violation, and could thus indicate the state of riverine ecosystem security.

Environmental flow is a concept often used in hydrological modelling in order to simulate
sustainable water use scenarios that do not interfere with riverine ecosystem security. Moreover,
they can be a useful tool to determine sustainable dam and water management policies. The
authors aim to reduce the uncertainty in the current (historical) violation of these requirements,
and to expand the violation assessment to the worlds sub-basins, by using a GHM-GCM model
ensemble. However, I have some concerns regarding the EFE quantification methods, the
attribution of EFE violation, and some general comments

We thank the Referee for the comments, which are helpful and will certainly help to revise the
paper stronger. We are happy to see that the overall story of the paper has been conveyed well.
Please find point-by-point responses to the comments below.

RC 1.2. EFE quantification methods

The authors aim to advance environmental flow assessments in four ways: (1) improve the
environmental flow concept to include an upper bound (line 95, line 114, line 186, line 458), (2)
reduce the uncertainty in the actual quantification of environmental flows, in particular the large
GHM uncertainties (line 87, line 92, line 112, line 409), (3) use the pre-industrial river streamflow
as the environmental flow basis (line 116, line 160, line 460), and (4) present the quantification
of environmental flows in terms of frequency, severity and trends (line 98, line 115, line 458).

RC 1.2.1. While I understand the adverse effects of upper EFE violation, the selection of the
upper bound seems arbitrary. What is the reason for the 95th percentile?

AC 1.2.1. There is evidence that naturally dry periods - which could be compromised by
long-standing increased flows -  are required for certain ecosystems (see also lines 92-96).
However, methods to quantify this are lacking, and, to our knowledge, no globally applicable
method exists yet. In the absence of quantitative case studies, we use the 95th percentile as a



simple indicator of substantially increased flows. We assume that under natural conditions, this
would rarely be exceeded in periods lasting three or more consecutive months. We found this
true according to our newly performed analysis in response to RC 2.5.1., which means that the
EFE upper bound violations originate from the time between the pre-industrial and recent past
periods. However, it is possible that adverse ecosystem effects begin already below and above
this bound. We will expand the justification and discussion on the upper bound in the revised
manuscript, and clarify that the upper bound is provisionally set in the absence of methods and
case studies of the ecological relationship. Our aim is to provide a first analysis and inspire
future methodological advances more based in hydroecology, instead of establishing a
presumptive global standard.

RC 1.2.2. I feel this study does not properly address the GHM uncertainty. The ensemble
strategy is only applied to the EFR methods and GCMs, not the GHMs. EFE violations are still
determined for each model separately, without averaging, which can lead to additional
(compounding) uncertainties. Moreover, if the aim of the authors is to provide accurate
quantifications of EFE for each river, why did the study not use observational data or select the
“best” performing GHM model for each basin?

AC 1.2.2. We chose to determine the EFEs and EFE violations for each model separately so
that we only compare the recent past discharge from one GHM to EFE defined by the same
GHM. If we compared recent past discharge and EFEs from different GHMs, the results could
be more affected by GHM structural differences than changes in discharge.

When we combine the GHM-wise results into the results shown in the manuscript, we do create
a GHM ensemble as well. As noted in line 218, we compute the frequency of EFE violations
from a total of 1,440 violation ratios from four GHMs (360 ratios each). The same result would
be achieved if we computed the frequency of violations for each GHM separately, and took the
unweighted mean of this. Therefore, the violation frequency shown in Fig. 2 corresponds to the
ensemble mean of the four GHMs. The seasonal violation frequency and severity are not
directly equal to the ensemble mean of GHMs as the count of violated months varies between
GHMs and flow seasons. We will more explicitly elaborate on these metrics in the revised
manuscript, and provide more detail on single-GHM results.

We opted not to select the “best” performing GHM for each basin against observational data
because the “best” model varies largely based on the sub-basin characteristics and also based
on the metric which is used in assessing the models (Zaherpour et al., 2018). We also consider
that a comprehensive evaluation of discharge in over 4,000 basins globally is out of the scope of
this article, and it would detract readers from the key contributions of the article. However, in the
absence of discharge validation, we consider best to estimate EFEs for all models separately
and supplement the ensemble results with the GHM-wise results (see AC 1.3.2.). Any further
use of the EFEs, especially at the sub-basin scale, warrants performance evaluation with
observational data. The application at the local scales is also discussed in AC 2.6.16.



RC 1.2.3. What is the rationale behind using pre-industrial river streamflow? Should the
simulated historical pristine (no human influence) river streamflow not be better to estimate EFE
(as is done by other modelling studies)? It is briefly discussed that historical pristine river
streamflow may already be violating EFE (line 399). Should this be the case?

AC 1.2.3. Indeed, other studies, such as Jägermeyr et al. (2017), use simulated historical
pristine river streamflow to estimate natural state environmental flows. However, adopting
pre-industrial river streamflow as the baseline accounts for both change in climate and change
in human water use. If we adopted historical pristine river streamflow, we could account only for
changes in human water use and the most recent climatic changes, omitting natural or
human-induced variability in climate since the pre-industrial period. It is correct that the EFE can
be violated during pristine streamflow conditions, which we have now analysed in response to
RC 2.5.1. Alongside AC 2.4.5., we will expand our justification of selecting the pre-industrial
period as the reference.

RC 1.2.4. I am assuming monthly pre-industrial EFE quantifications are combined into a
multi-year monthly averages. However, the EFE are applied to historical monthly streamflow
values. This could result in EFE violation during dry years (even if EFE were applied during the
pre-industrial period). Is this correct?

AC 1.2.4. By definition, all of the selected EF methods can be violated by dry years,
notwithstanding the cause of dryness being natural variability or human action. Detailed in AC
2.5.1., we have now analysed the pre-industrial EFE violation levels to estimate how much of
the violations could originate from natural variability.

RC 1.3. Attribution of EFE violation

The authors describe the EFE violation in terms of frequency, severity and trends. To that end
they use the gross total of all 1440 historical GHM-year-month combinations (line 232).
Subsequently the key drivers are shortly explained in the discussion (line 353).

RC 1.3.1. I assume the authors use multi-year monthly averaged pre-industrial simulations to
quantify the EFE and subsequently apply these values to the historical period (see my
comments above). Can the authors show the impact of this choice on your results? It would be
useful to separate the effects of climatic changes (human induced or otherwise) from direct
human alterations (e.g. abstractions and dam construction). Moreover, it would be useful to see
the temporal variability in EFE violation, especially during dry years.

AC 1.3.1. Currently, ISIMIP 2b data does not allow for separation between climatic changes and
direct human alterations as simulations of historical pristine streamflow without human impact
are unavailable. However, we qualitatively compared our results with literature on the impacts of
climate change in Section 4.1., which could indicate areas where the climate impact is greater



than direct human impact. Analytically quantifying and separating the impacts of these two
drivers is one of the main ways forward from this study, which we mention in lines 448-450.

Regarding the temporal variability, we are unsure what the Referee precisely aims for
commenting here, but we interpret it to consider interannual variation in violations during drier
and wetter years. Intra-annually, the low flow season is more prone to violations as shown in
Fig. 3. and hence, it could be inferred that overall drier years show more violation. The violations
during overall drier years may be caused by natural variability, as violations are visible also
during the pre-industrial, natural baseline period (see AC 2.5.1.). However, most of the areas in
which the baseline violations are the most prominent (e.g. the Middle East and India) have
experienced a substantial increase in violation frequency since the pre-industrial period.
Therefore, while a certain baseline of natural violations caused by naturally dry years exists, the
change between our time periods has been remarkable.

We opted not to analyse the recent past violations on an annual basis because our main aim
was to determine the change that has occurred since the beginning of major anthropogenic flow
alteration and human-driven climate change. Further, we characterise the long-term recent past
state of violations by focusing on the full 30-year recent past period. Analytically explaining the
drivers of violations, including natural and non-natural variability, are left out of the scope of this
article and outlined as a way forward. In the revised manuscript, we will expand our discussion
on the natural variability of violations during dry years along with addressing the new analysis
results introduced in AC 2.5.1. Further, we will emphasise that future research is needed to
separate violations caused by natural variability and non-natural variability.

RC 1.3.2. Results are given a as the gross total of all GHM-year-month combination. However,
the results do not show the variability between the GHMs. Could it be that a majority of the EFE
violations originate from a single model?

AC 1.3.2. The GHM-wise results, as well as associated dispersion metrics, are shown in the
Supplementary material. Of the GHMs, PCR-GLOBWB shows the least violations whereas
LPJmL shows the most, H08 and WaterGAP2 falling in between these (Fig. S4). The spread of
violation frequency and severity is relatively large, especially in drier regions (Fig. S6, Fig. S8).
As there exists dispersion in the violations, the GHM-wise detected trends are not unanimous
(Fig. S9-S10). However, cases in which some GHMs would detect decreasing and some GHMs
would detect increasing trends are rare (Fig. S11). The regions highlighted in the Results
section (e.g. the Middle East, India, Eastern Asia, and Central America) show agreement in
violations - as well as in statistically significant trends - in all single-GHM results (Fig. S4, Fig.
S11). In the revised manuscript, we will add a brief recap on the differences between GHMs in
each Results subsection. Reflecting on the GHM differences further highlights that case-specific
auxiliary data is needed if the EFEs were to be applied at the local scales, and adopting a GHM
ensemble is highly recommended at the global scale.

RC 1.3.3. The authors state that their findings show that EFE violations are widespread around
the world (line 239). However, to me the results shown seem quite modest (about half the



basins violate EFE for 5% of the time, not even a month per year). Even more so as dry years
could contribute to this number. How do these results change for 10% or 25% of all months?

AC 1.3.3. We consider that the violations are widespread around the world because we
excluded any violations in streaks shorter than three consecutive months (lines 208-210). This
masks short-term changes in flows and highlights long-term changes. When increasing the
threshold, we find that the EFE is violated in 32.7% of the total 3,860 sub-basins during more
than 10% of the total 1,440 months of record, and 9.5% of the sub-basins during more than 25%
of all months of record. In the revised manuscript, we will clarify our argument on why we think
the violations are widespread, and incorporate the results with higher thresholds.

RC 1.4. Specific comments

RC 1.4.1. Line 110 and 658: “The significantly advanced global environmental flow assessments
with the novel methodology of environmental flow envelopes” is overstated. The concept of EFE
is heavily based on previous lower limit environmental flow requirements, while the newly
introduced upper limit is unsubstantiated (in this study). Rather the application of the EFE
methodology is new.

AC 1.4.1. In accordance with AC 2.2.1., we will reformulate the sentence to more precisely
indicate the novelties and already existing concepts of this work. It is correct that environmental
flow requirements have a long history, and also the concept of defining an envelope has been
introduced before (see RC 2.2.1.). However, the global extent and the depth of analysis
undertaken in this study are novel, as also pointed out by the reviewer. Furthermore, our
extensive uncertainty consideration is more robust than in previous global EF studies (lines
412-413).

RC 1.4.2. Line 177 and 178: Why are high and low flows omitted? Should they not be part of the
natural flow regime (wet and dry periods)?

AC 1.4.2. Here, we did not aim for removing high and low flows, but we rather aimed for
removing extreme outliers. Following this aim, we chose to exclude monthly discharge further
than three standard deviations away from mean monthly discharge. Assuming normal
distribution, the three-sigma rule retains 99.7% of all simulated discharge values. Hence, 0.15%
of the discharge distribution is omitted from both the dry and the wet tail. Discharge falling in the
extreme tails corresponds either to true outliers or rare natural discharge events corresponding
to a return period of 670 years. We consider that removing true outliers, which could largely
affect the computation of e.g. mean discharge, is justified also considering the cost of excluding
the extremely rare natural events. In the revised manuscript, we will expand the justification to
make our point clearer.

RC 1.4.3. Line 241: Do these results still take into account the three consecutive month
exceedance threshold (line 210)?



AC 1.4.3. All results are shown using the three consecutive month exceedance threshold. In the
revised manuscript, we will recap this in the beginning of the Results section.

RC 1.4.4. Line 284: Is it implied this trend is due to changes in climate? If so, a thirty year period
to detect climate trends is rather short.

AC 1.4.4. With this particular sentence, we aimed not to implicate anything related to the cause
of trends, and we will revise the sentence not to imply so. We do agree that solely
climate-induced trends might not be best detected using a 30-year period, although the study by
Gudmundsson et al. (2021) shows that decadal trends are visible already during 1971-2010.
This, combined with the future projected changes in discharge are the main arguments why we
interpret some of the violation trends to be affected by climate change. However, we can’t rule
out other factors affecting the violations, which we emphasise in the revised version of this
section and Discussion.

RC 1.4.5. Line 296: It is interesting to see that the trend in upper bound EFE violation mostly
increases in the northern regions, while the lower bound EFE violation mostly decreases in
these regions. Do the authors know if this is a climatic or direct human alteration effect?

AC 1.4.5. As noted in AC 1.3.1., ISIMIP 2b data does not separate the climatic and direct
human alteration effects, so we are unable to analyse this systematically and leave more
advanced analysis to future studies. However, our brief review on past changes and future
projections in discharge suggest that the northern regions are likely to experience increasing
discharge (e.g. Asadieh and Krakauer, 2017). In addition, the most northern regions are
sparsely populated and support little agriculture, which indicate little human water use and
negligible future water stress as Graham et al. (2020) suggest. On the other hand, some of the
northern region sub-basins showing EFE upper bound violations co-occur with large dams, such
as Boguchany and Krasnoyarsk dams with 58,200 and 73,300 million m3 storage capacity,
respectively (Lehner et al., 2011). Hence, the human impact on EFE violations can’t fully be
ruled out in sparsely populated regions either, and further quantitative analysis would be
required to more explicitly address the drivers. We will qualitatively discuss these drivers of EFE
upper bound violations in the revised manuscript.

RC 1.4.6. Figure 5: This figure is a little confusing to me. Firstly there is no y axis for the trend
slope graph. Secondly there are clusters that have prevalent violations during all seasons, but
subsequently do not display violations during for example the high flow months? Lastly, more
information could be given about the clustering and why some areas could not be assigned to a
cluster.

AC 1.4.6. The precise units of the violation frequency and severity trend slopes are left out
because all variables are normalised to zero-one interval before clustering. Therefore, the
relevant information regarding trend slopes consists only of the direction and relative magnitude
of values. Currently, the y axis is labelled with the “increasing” and “decreasing” qualities to



illustrate the direction of trends. The relative position of the boxes further shows how strong the
trends are compared to each other. In the revised figure and its caption, we will clarify this.

In addition, we will rename Cluster F to better correspond to the visualisation in which there are
only very few sub-basins in this cluster during high flow season. We will also emphasise that the
clustering is performed for each season separately.

The reason why some sub-basins could not be assigned to a cluster stems from the clustering
method, which gives out probabilities of each sub-basin belonging to each cluster. For a
sub-basin, if the maximum probability (the probability of belonging to the most likely cluster) is
low, we leave that sub-basin unassigned. Considering also RC 2.4.14., we will include more
information on the clustering method to the revised manuscript.

RC 1.4.7. line 329: The first section of the discussion could be incorporated in the conclusions.

AC 1.4.7. The first section of the Discussion recaps the main findings of the Results section. In
the Conclusion section, we outline this once more but with more general expression and no
cross-references. We would be hesitant to move the first section of Discussion to Conclusions
as it would disable reading the Conclusions section as a standalone text.

RC 1.4.8. Line 430: As the aggregated monthly sub-basin assessment restricts the conclusions
that can be made, why did the authors not do a daily gridded assessment? The data is
available.

AC 1.4.8. We conducted a monthly assessment to illustrate and emphasise the longer-standing
impacts on river discharge. This is also reflected in enforcing the three-month rule, which omits
short-term flow alterations related to extreme events. Furthermore, using daily data at the
coarse grid scale could potentially provide unstable results due to high GHM variability in
headwater and low-discharge streams. This could, in the worst case, lead to misinterpretations
of short-term, high-detail changes based on highly uncertain data and methods. When we
simplify the sub-basins to be represented by the outlet cell only (see AC 2.4.10.), we mask the
greatest upstream variability and increase the robustness of our sub-basin scale results.
However, this causes a loss of detail. In the revised manuscript, we will also highlight the
benefits of our selection of spatial and temporal resolution.

RC 1.4.9. Line 329 and 461: Where is it shown that the flow alterations reported here are
recurrent or long-standing?

AC 1.4.9. The argument that flow alterations reported here are recurrent or long-standing stems
from the enforcement of the 3-month rule. For justification behind this claim, see AC 1.3.3. We
will further emphasise the effect of the three-month rule in the revised manuscript.



RC 1.5. Technical corrections

RC 1.5.1. Line 51: Should “because of their importance” be removed?

AC 1.5.1. The aim of this sentence was to point out that although rivers are known to be
important and worth preserving due to their ecosystem regulation capacity, they are also heavily
exploited due to the human benefits that can be gained from them. Hence, balancing between
these two aims is difficult. We will reformat the sentence in the revised manuscript to make our
point clearer.



Referee comment 2

RC 2.1. General
RC 2.1.1. Title implies ecosystem-threatening alterations are quantified - is this really the case
given the lack of ecosystem assessment within the analysis?

AC 2.1.1. We thank the Referees for the overarching comments on the lack of ecosystem
assessment and the potential ways of revising the manuscript. After carefully responding to
Referee comments from all three Referees, we consider best to drop the word “ecosystem” from
the title and give “Widespread and increasing violations of environmental flow envelopes
globally” as the new title. We agree that the way in which we treat environmental flows as a
proxy for riverine ecosystem integrity is simplistic. Hinting that we would be conducting an
ecosystem assessment - while we haven’t done any quantitative analysis on it here - may prove
misleading to some readers. The new title is better aligned with the key findings and
implications of the study.

RC 2.1.2. English grammar will need a full check and improvement, as some of the points made
are hard to follow as written. Shorter, sharper sentences will help. e.g. Abstract li 39 - The use of
less and few. Introduction li 50 - “rivers upkeep two major…”; li 84 - data are plural

AC 2.1.2. After editing the manuscript according to the Referee comments, we will thoroughly
check and proofread the text to improve its readability and grammar.

RC 2.1.3. The use of language is strong in some cases, perhaps intentionally? - e.g.
threatening, violations - this does influence the tone of the MS.

AC 2.1.3. For these particular words, we intentionally choose to use this language to highlight
both the uncertainty and the gravity of the situation. Previous work on this topic has also used
such language (e.g. Vörösmarty et al., 2010). As discussed in other comments (e.g. AC 2.4.1.
and AC 2.4.8.) and in Section 4.2, it is highly uncertain how well transgressing an EF limit
corresponds to ecosystem degradation. Therefore, we choose to use “threaten” as it includes
the possibility that EFE violations are not detrimental but the situation is not natural either.
Furthermore, the variations of “violate” capture both the lower and upper EFE bounds under one
term. As the violations reported in this work are already serious (see AC 1.3.3.), we consider
that using this wording is appropriate.

RC 2.2. Abstract
RC 2.2.1. li 27 - “We present a novel method to determine EFs by Environmental Flow
Envelopes (EFE), which is an envelope of variability bounded by discharge limits within which
riverine ecosystems are not seriously compromised.”



The authors need to take care not to overstate this point. Presenting the approach as novel is
highly problematic in that a sustainability boundaries/envelope approach to eflows was
proposed over a decade ago, e.g. by Richter (2009) and then Richter et al. (2012) based on
concepts presented in Postel and Richter’s book Rivers for Life (2003). The application of the
approach globally, at finer basin scale, and the attention to frequency, severity, and trends
combined, are arguably where there is novelty in this paper.

In addition, the claim that ecosystems would not be seriously compromised will not be
supported by evidence and should be tempered.

Some recent/key references need consideration, incl:
Richter, B. D., M. M. Davis, C. Apse, and C. Konrad. 2012. A presumptive standard for
environmental flow protection. River Research and Applications 28:1312-1321.
Poff, N. L., C. M. Brown, T. E. Grantham, J. H. Matthews, M. A. Palmer, C. M. Spence, R. L.
Wilby, M. Haasnoot, G. F. Mendoza, K. C. Dominique, and A. Baeza. 2016. Sustainable water
management under future uncertainty with eco-engineering decision scaling. Nature Climate
Change 6:25-34.

AC 2.2.1. We agree and will reformat the sentence to more carefully consider which parts of this
work are indeed novel and which have been proposed previously in a conceptual manner, as
well as incorporate the suggested references. We do agree with the Referees that the
conceptual basis of an envelope has been presented previously, but our rigorous quantification
of this at the global scale is the main novelty of this study. See also AC 1.4.1.

RC 2.2.2. li 30 “considering also the methodological uncertainties related with global EF
studies”. The logical connection between this phrase and the rest of the sentence is not clear.

AC 2.2.2. We will split this sentence into two to make it clearer.

RC 2.2.3. li 31. “EFE introduces an upper bound of discharge, identifying areas where
streamflow has increased substantially.” Such sentences are poorly expressed and need
rewriting for technical substance, as well as sharper understanding; increased above what?
Presumably natural levels?

AC 2.2.3. We aimed to state that the streamflow has increased substantially above
pre-industrial levels, which we assume as natural. We will add this to the sentence and reformat
it for a better expression.

RC 2.2.4. li 41 - Because of the way in which you define a violation, you need to compare the
result of 5% with the pre-alteration state. Also, the “discharge” cannot “violate” - you need to
revise grammar for correctness in these sorts of sentences, perhaps by saying EFE violations.



AC 2.2.4. Regarding the comparison between current and pre-alteration state, we’ve addressed
the comment in AC 2.4.1. and provided the quantitative results in AC 2.5.1. In the revised
manuscript, we will incorporate these results also in the Abstract. Further, we will make sure that
discharge is not the actor in sentences in which EFEs are violated.

RC 2.2.5. li 44 - The potential attribution to climate change (cf. other human stressors impacting
upper bounds of the flow regime) - supposition, or do you show this analytically using data?

AC 2.2.5. This is an interpretation of the results especially regarding the Northern Hemisphere,
where water use can be considered mainly low but EFE violations prevail. We have identified
this by comparing our results to literature on climate change impacts on streamflow and
addressed it in Section 4.1. and AC 1.4.5. In the revised abstract, we will add a mention that this
potential attribution is literature-based.

RC 2.3. Introduction
This section needs at least moderate revision.

RC 2.3.1. li 55 - are 5 references needed for this point? The authors need to strike a better
balance between under- and over-referencing in this section.

AC 2.3.1. Here, we have referenced the articles we use in identifying the different drivers of EFE
violations later in Section 4.3. First, to establish that streamflow is indeed changing according to
observed data, we referenced Gudmundsson et al. (2021). Then, we also show that seasonality
is clearly visible in future runoff projections by referencing Arnell and Gosling (2013), which
supports our way of separating results to flow seasons. Then, we selected three studies
showing that in general, the northern hemisphere is wetting and the southern hemisphere is
drying in terms of projected future streamflow. As future projections are uncertain and under
continuous development, we chose to incorporate more than one reference to strengthen this
point and convey agreement.

RC 2.3.2. li 65 - I suggest you also emphasise other aspects of regime variability, including
intra-annual and interannual variability.

AC 2.3.2. The five factors of natural flow regime mentioned in this sentence are referenced in
Poff et al. (1997). We will add a sentence and a reference (Richter et al., 2006) noting that the
intra-annual and interannual variability should be considered as parts of the natural flow regime.

RC 2.3.3. li 66 - the importance of flow extends well beyond physical habitat. See e.g. Bunn and
Arthington (2002). In fact, beyond the very general references, this paper lacks attention to
ecological dimensions, despite the title suggesting otherwise.

Bunn, S. E., and A. H. Arthington. 2002. Basic principles and ecological consequences of
altered flow regimes for aquatic biodiversity. Environmental Management 30:492-507.



AC 2.3.3. We will expand this sentence to cover three other aspects beyond physical habitat
listed in Bunn and Arthington (2002), to which we already refer in this sentence. Furthermore,
we will complement this sentence with an additional reference (Rolls et al., 2018) on the
complex and multifaceted relationship between river flows and ecosystems.

RC 2.3.4. li 76 - You present the 2018 definition which focuses on a regime that meets a set of
objectives, and then regress to the now out of date concept of a minimum discharge in the
following “refer to the minimum discharge required to sustain healthy and functional riverine
ecosystems (Pastor et al., 2014).” Try to draw out the regime-based argument rather.

AC 2.3.4. The aim of this paragraph is to introduce the more comprehensive ways of defining
EFs. However, as we’re conducting the study at the global scale with simulated discharge data,
we are unfortunately unable to use nothing but the “minimum discharge” definition in the study.
To more logically introduce the EF science and its global applications, we will move the
“minimum discharge” argument to the next paragraph.

In addition, we will revise the remainder of this paragraph to capture a wider range of advanced
EF methodologies, including the general requirement of a collaborative and iterative process in
defining EFs (Richter et al., 2006; Poff et al., 2017), as well as ELOHA (Poff et al., 2010), DRIFT
(King et al., 2003), and PROBFLO (O’Brien et al., 2018) as examples of holistic EF methods.

RC 2.3.5. li 77 - “Hence, the EFR corresponds to a boundary not to be transgressed.” This is
overly simplistic in the way it is stated.

AC 2.3.5. Combined with revision outlined in AC 2.3.4., this sentence will be removed or moved
to the following paragraph.

RC 2.3.6. li 77 - “Beyond simple EFRs, more nuanced quantification of anthropogenic impacts
on discharge based on a multitude of different metrics include e.g. the Indicators of Hydrological
Alteration (IHA; Richter et al., 1997, 1996).” This is a poor explanation.

AC 2.3.6. We will revise or remove this sentence in accordance with AC 2.3.4.

RC 2.3.7. li 80 - The EF assessments are not implemented in legislation as such. Legislation
that provides for EF is one of the factors that enables EF to be implemented.

AC 2.3.7. We will revise this sentence to convey that legislation is a prerequisite for EFs but EFs
are not legislation in themselves.

RC 2.3.8. li 84 - Thereby, global studies accommodating EFs…rather use… considering it as
a…well–being” This is not a well structured sentence for clarity or grammar. There are many
such examples in the text.



AC 2.3.8. We will clarify this sentence and potentially divide it into two or more sentences.

RC 2.3.9. li 109-110. There is potential in the approach to undertake such analyses of trends.
However, it is overstating the case that EFEs are new as a concept.

AC 2.3.9. As noted in AC 1.4.1. and AC 2.2.1., we will reformat the novelty statement to not
imply that EFEs are new as a concept but the in-depth global scale application is the main
novelty, as also pointed out by the third Referee.

RC 2.3.10. li 111 “envelope of safe discharge variability that…” That it is safe or even
precautionary is really an assumption and that needs to be clear. You are using a composite of
hydrological methods that are all limited in their ecological relevance and representation. You do
not undertake any actual ecological assessment either, so you need to take real care not to
overstate the case.

AC 2.3.10. Here, it is indeed an assumption that the “safe” state is related to the minimum
discharge thresholds defined by the selected EF methods. We have expanded the justification
and use of these methods, considering also the data uncertainties, in AC 2.4.3, AC 2.4.7., and
AC 2.4.8. In the revised manuscript, we will make our assumption of “safe” clearer already in the
Introduction, and explicitly mention the ecological limitations of our approach.

RC 2.3.11. li 113 - I suggest you reference a paper that explains hydrology methods, past and
present, ecologically relevant flow metrics etc. and is more up to date than the IHA refs you
provide e.g. Poff et al. (2017)

Poff, N.L., Tharme, R.E. and Arthington, A.H. 2017. Evolution of environmental flows
assessment science, principles, and methodologies. Chapter 11. Pp: 203-236. In: Horne, A.C.,
Webb, J.A., Stewardson, M.J., Richter, B. and M. Acreman, (Eds). Water for the environment:
from policy and science to implementation and management. Academic Press.

AC 2.3.11. After we have revised the third and fourth paragraphs of the introduction according
to AC 2.3.4. and incorporated the suggested reference there, we hope that it is clearer at this
point what are the methods of our study and their limitations.

RC 2.4. Methods and Data
All assumptions and caveats e.g. violations, need to be well explained.

RC 2.4.1. The technical argument for “violations” is weak, particularly in relation to the
comparisons of near-natural (largely unmodified by humans), present-day and future flow
regimes. A more rigorous explanation is needed. One of the main challenges with the approach
and the terminology is with the violation of Q90. With an eflow of Q90, that flow will be naturally
‘violated’ 10% of the time. Given the authors’ choice of a low flow eflow that is the median value
of hydrological methods ranging from Q90 to the mean monthly value of dry months, the



so-called ‘violations’ will occur even more frequently. It is thus unclear as to what proportion of
the ‘violations’ described are simply a result of the hydrological approach used. This information
needs to be provided, as any violations resulting from human impacts on the flow regime should
be in excess of the natural ones.

AC 2.4.1. It is true that the EFE will be violated even during natural conditions (see AC 1.2.4.).
However, as noted in AC 1.3.3., we apply the three-month consecutive violation streak rule to
exclude one- and two-month violations and show results considering only violation streaks of
three or more months. This will mask out violations caused by short-term events and some of
those caused by natural variability, resulting in the inclusion of longer violation streaks only. It is
correct that even then, some violation streaks may be caused by natural variability (see AC
1.2.4.). Hence, we performed a new analysis in which we computed the violation frequency
during the pre-industrial period and compared that to the recent past violations. We have
detailed the results of this in AC 2.5.1.

RC 2.4.2. li 150 - You need to provide referencing for HydroBASINS when it is first mentioned,
especially as its use is critical for the sub–basin divisions applied. You only provide the
reference at li 150. The introductory paragraphs before section 2.1 could focus more on the
general steps. Suggest you reword for clarity, so that there is no confusion about what is meant
by “into consistently sized” and the hydrological nested approach can be well understood.

AC 2.4.2. We will provide the reference for HydroBASINS already in the introductory paragraph
before Section 2.1 where it is mentioned for the first time. Further, we will revise the introductory
paragraph in the beginning of Methods to be written in less technical language and clarify the
description of HydroSHEDS data in Section 2.1.

RC 2.4.3. Reasons for the selection of models need to be give, for the hydrological, climate
change and the five hydrological eflow methods.

AC 2.4.3. We selected these models (GHMs) because they are extensively validated against
observed data (e.g. Gädeke et al., 2020; Zaherpour et al., 2018). On the other hand, we chose
to incorporate more than one GHM as their performance varies substantially (ibid.). In ISIMIP
2b, discharge data is simulated for all four GHMs using four GCMs, which leads us to the
natural choice of selecting all available GCMs for each GHM when the spread between GCMs is
large (Hattermann et al., 2018).

The EF methods were selected following Pastor et al. (2014) who also validated them against in
situ EF estimates, finding them adequate. Although more advanced, holistically based EF
methods could be available locally, the ones we selected are general enough to be applied at
the global scale using global data, but different enough to provide variability to construct an EFR
ensemble. The key argument for selecting both the GHMs and the hydrological EF methods is
the applicability at the global scale. Finer hydrological data and more advanced EF methods
would require substantial resources, which are unavailable for a global study.



In the revised manuscript, we will add a more careful argument on the selection of models and
methods under Section 2.1 and 2.2 and provide further details regarding the ensemble
approach along AC 2.4.8.

RC 2.4.4. Greater explanation of the advantages and limitations of the input datasets from
ISIMIP2b is needed.

AC 2.4.4. The main advantage of ISIMIP 2b data sets is that the modelled outputs follow a
protocol (Frieler et al., 2017). Although the GHMs differ structurally (see e.g. Telteu et al., 2021),
the ISIMIP 2b simulation scenario design, including both human and climate factors, is directed
by the protocol. Therefore, we can trust that the discharge data is of consistent quality, albeit
uncertain. Another advantage is that it provides comparable discharge records since 1801,
allowing us to use the pre-industrial baseline to define the EFE.

The main limitation of the ISIMIP 2b data is that the data is of coarse spatial resolution as even
state-of-the-art GHMs partaking in ISIMIP 2b operate using the 0.5-degree grid. Furthermore,
the uncertainties in such large-scale models are inevitable (Telteu et al., 2021), which is why we
consider it necessary to incorporate more than one model as we note in lines 140-142 and AC
1.3.2. In the revised manuscript, we will address the advantages and limitations of ISIMIP 2b
data in Methods and Discussion sections.

RC 2.4.5. Similarly, the reasons for the selection of 1801–1860 as the reference flow period
need to be expanded on. What is meant by “quasi-natural”? How was this ascertained, or was it
assumed based on the pre-industrial era? Likewise, for the present-day/recent data period.
What about flow alteration post 2005? For some regions/basins very recent trends are
significant - what are the implications of not including this most recent part of the time series?
There are also several good references addressing criteria for hydrological record selection that
are surprisingly not mentioned in this section on methods.

AC 2.4.5. There are multiple reasons to justify the selection of the time period 1801-1860 as the
reference flow period. First, no significant human modification (large dams, extensive irrigation
withdrawals, etc) of rivers had occurred at the time, which enables the assumption of our
baseline resembling near-natural conditions. Using the term quasi-natural refers to this
assumption. The ISIMIP 2b protocol states that pre-industrial simulations are conducted using
fixed land use and socio-economic conditions of the year 1860 (Frieler et al., 2017). These
conditions are not fully natural, but very near to it compared to the recent past. Second, we
chose to reach far back in time to incorporate the effect of climate change, using a similar
assumption that no large human-induced climate change had undergone before or during the
reference period (see also AC 1.2.3.). Third, limiting the end date of the reference flow period,
the ISIMIP 2b protocol states that pre-industrial simulations end in 1860.

The end of the recent past time series is again restricted by the ISIMIP 2b protocol. The protocol
states that simulations that incorporate historical reconstructions of drivers end in 2005. After
2005, the options for ISIMIP 2b data are either fixed-year 2005 drivers or RCP scenarios (Frieler



et al., 2017). As we did not aim for projecting the future, and we considered fixed-year 2005
drivers to inadequately portray the most recent changes, we chose to limit our analysis to end in
2005. For example, historical irrigation extent data ends in 2005 (Siebert et al., 2015) and thus,
although there have been a lot of changes since then, no reliable estimates yet exist for all the
drivers beyond that year. Therefore, we are unfortunately unable to establish more recent
analytical results. However, we have discussed the potential current and future state of EFE
violations based on studies with more recent and projected data in Section 4.1. We will make
our reasoning for the time periods clearer in the revised manuscript.

Regarding the Referees’ last comment on hydrological record selection, we are unsure about its
precise aim, but interpret this to consider the selection of observed data. As we did not include
observed data in the manuscript, we are unfortunately unable to address this point. However, all
of the models selected for the analysis have undergone model validations against observed
discharges as we note in AC 2.4.3.

RC 2.4.6. li 153-155. You actually exclude a fairly significant number of basins - did you test
what the implications might be? At the least you need to objectively acknowledge this fact and
its implications, rather than word it in such a way as to downplay it.

AC 2.4.6. The reason for excluding these basins is that they are smaller than a GHM grid cell.
The maximum size of a GHM grid cell is approximately 55 km x 55 km at the Equator.
Combined, 352 excluded sub-basins would comprise approximately 1 million km2 at a maximum
(assuming they are all located at the Equator), which is less than 1% of the global land area. We
will revisit this implication to take note of the excluded area in a more objective way.

RC 2.4.7. li 163 - The EF methods. The strengths and limitations of these methods are not
provided, but need to be clear to the reader. Table 1 just lays out the methods. There are a
number of more recent hydrologic methods that are less simplistic and/or include a greater
diversity of ecologically meaningful flow metrics. You have not used any of those methods in the
composite approach. The reasons need to be given, especially given the assumptions made in
the paper around ecological threat/safety. The paper would benefit from some discussion of why
more sophisticated methods including regional approaches (ELOHA based) were not possible
to apply at this time.

AC 2.4.7. The main reason for not using ELOHA based approaches is the massive investment
of resources, which is out of reach in a global study like ours. Presumptive standards, such as
those that we use in this work, have been proposed as “default placeholders” in cases where
more advanced methodologies are out of reach (Richter et al., 2012). For further justification
behind our selection of the EF methods and the ensemble approach, see AC 2.4.3. and AC
2.4.8. We hope that revising the introduction, especially according to AC 2.3.4., will argue for the
selection of relatively simplistic methods in this global scale study. Further, we will reframe the
parts of the Discussion in which we assess the ecological uncertainty of our method.



RC 2.4.8. Li 180-183. This section of text needs careful attention. “As the EFE lower bound, we
selected the median of the EFR distribution…potentially consist of unrealistically low or high
EFR estimates, caused by either highly deviant discharge provided by certain GCMs or
distinctively different representation of ecosystem water needs in the EFR method”. These two
points need to be broken down and carefully argued. They are based on assumptions without
any apparent ecological rationale. This needs to be clear, e.g. is the choice of median as the
lower bound arbitrary? It designates the low-high flow boundary sometimes hydrologically, but
that is not the same as a boundary designated for eflows purposes. Also, the last point on
“distinctively different representation of ecosystem water needs” is hard to follow - what are you
intending to say here?

AC 2.4.8. Selecting the EFE lower bound from the median of EFR distribution is an ensemble
modelling approach, which is often used in multi-model studies incorporating global hydrological
data (Peel and Blöschl, 2011; Zaherpour et al., 2018). As noted in AC 2.4.3., the individual EFR
methods are indeed simplistic. Following the ensemble modelling approach, we choose to use
the median estimate from a set of uncertain estimates. Taking the mean or median estimate
from an ensemble of uncertain estimates has been shown to be effective regarding modelled vs.
observed streamflow (e.g. Arsenault et al., 2015; Huang et al., 2017), which is why we choose
to do it also for the EFRs.

We consider that as all of the selected EFRs are uncertain ecologically, it is better to select the
lower bound following the ensemble paradigm. The other option would be to pursue an
ecological best fit. This may not be possible due to the methods’ simplicity and the lack of
global-scale, observed data on ecosystem integrity, which would be needed to select the best fit.
Moreover, the uncertainty of the underlying hydrological data is not resolved by only adopting
more ecologically advanced methods. We will provide a more careful argument for the
ensemble approach in the revised manuscript.

Regarding the “distinctively different representation of ecosystem water needs”, the sentence
aims to highlight that the methods define ecosystem water needs differently, and if some of the
methods prove very different from others in certain contexts, those are excluded by taking the
median. For example, Smakhtin's method has received criticism for its low EF allocation
(Richter et al., 2012). Therefore, the median can be interpreted as a consensus estimate among
the different EF methods. We will rephrase this sentence to clarify our argument.

RC 2.4.9. Li 207. "we excluded time periods during which the EFE is violated for less than three
consecutive months"- by definition you would then exclude floods. Can that be correct?

AC 2.4.9. Here, we aimed not to analyse rapid, event-based floods but rather long-standing
decreases or increases in discharge. Therefore, floods lasting less than three months are
excluded; and floods lasting less than a month would also be excluded even if we did not
enforce the three-month rule. However, we consider that enforcing the three-month rule is
required for a robust interpretation of the results as outlined in AC 2.4.1. Furthermore, shorter
floods themselves are essential for certain ecosystems (Hayes et al., 2018; Junk et al., 1989;



Schneider et al., 2017), but long-term increases in discharge may be harmful for them. If we
considered short-term floods as violations, we would be going against the ecological
foundations of the systems that require short-term floods. In the revised manuscript, we will
more carefully elaborate on our rationale behind the three-month rule.

RC 2.4.10. li 213. “ excluded sub–basins with extremely low flow from our analysis” This is a
limitation that warrants more explanation or returning to in the discussion section. You also need
to clarify the extent to which temporary rivers might be excluded as a result and to discuss the
implications (see new Nature paper by Messager et al. 2021 on the global importance of such
systems)

Messager, M.L., Lehner, B., Cockburn, C. et al. Global prevalence of non-perennial rivers and
streams. Nature 594, 391–397 (2021). https://doi.org/10.1038/s41586-021-03565-5

AC 2.4.10. First, it should be noted that we determine the sub-basins by their outlets (lines
155-156). This means that for an exclusion, the outlet discharge in particular must be less than
10 m3 s-1. This, combined with the typical sizes of HydroBASINS level 5 (line 154), limits the
exclusion to cover only extremely arid areas. This is shown in e.g. Fig. 2. where the excluded
sub-basins are drawn with grey colour. In total, the number of excluded sub-basins during the
recent past period is 522, covering an area of approximately 8.8 million km2 (roughly 6.8% of the
global land area).

However, as we simplify all upstream cells to contribute to the outlet cell, any upstream
temporary rivers - as well as any violation status in upstream reaches - are masked. In the
revised manuscript, we more explicitly discuss the scale dependency of our results and note
that the exclusion discharge of 10 m3 s-1 must occur at the sub-basin outlet.

RC 2.4.11. li 214. You excluded basins if the mean flow was less than 10 cumecs – that is rather
high as so many regions have the bulk of their rivers smaller than this. Interestingly the
resolution of your maps does not show these smaller exclusions. By way of illustration – the
Mgeni River in South Africa supports 6 million inhabitants in two cities Pietermaritzburg and
Durban. The river just above the estuary in its natural condition only exceeded 10cumecs for 38
days a year, so this entire river should be excluded from your map – yet it does not show as
excluded. This is concerning and should be discussed.

AC 2.4.11. As noted in AC 2.4.10., we consider only the sub-basin outlet discharge for the
exclusion, notwithstanding the upstream river reach configuration. This is why many upstream
areas drier than the threshold appear in the results.

Regarding the particular example of the Mgeni River, the HydroBASINS level 5 is too coarse to
represent this as an individual basin as the catchment area of the Mgeni River is relatively small
(approximately 4,400 km2). Instead, the basin is lumped into a collection of coastal basins by the
HydroBASINS data. This, however, causes many independent small basins to be represented
by the highest-discharge cell of the lumped basins. In the revised manuscript, we will take note



of this special case where many coastal basins are lumped into one in HydroBASINS level 5,
and implicate that higher detail - both in sub-basin catchment boundaries and discharge data -
would be required for practical applications in these cases.

RC 2.4.12. li 225 - “classified each month of record into low (Q < 0.4MAF), intermediate
(0.4MAF ≤ Q ≤ MAF), and high (Q > MAF) flow classes”. On what basis? What evidence is here
from the literature to support this categorisation or was it somewhat arbitrary?

AC 2.4.12. The categorisation to flow seasons is a synthesis from the selected EF methods
presented in Table 1. Three out of five methods determine high flows to consist of months where
MMF > MAF. Those two that define intermediate flow months determine low flow months to
consist of months where MMF < 0.4 x MAF, which we select as the low flow boundary to
incorporate intermediate months also. Although the precise class limits could be debatable, the
main aim of separating the results to flow seasons is to illustrate that there are large differences
in EFE violations depending on the amount of discharge. We will clarify the justification and the
aim of separating the months to flow seasons in the revised Methods section.

RC 2.4.13. li 234. Statistical procedures require supporting references. e.g. for Kendall rank
correlation coefficient.

AC 2.4.13. We will add a reference (Hollander and Wolfe, 1973) to support the Kendall rank
correlation coefficient and another (Chambers et al., 1990) to support the linear regression slope
t-test.

RC 2.4.14. li 236 - “Finally, we combined the EFE violation frequency and severity throughout
the recent past time series with the linear violation trend slopes and performed a fuzzy c–means
clustering (Bezdek, 1981) to each flow season separately.” This sentence needs breaking down
into clear points. Reasons need to be given for choices made e.g. for fuzzy c-means clustering.
This is important. e.g., as Fig 5 relies heavily on the clustering method adopted.

AC 2.4.14. We will break the sentence into shorter parts. Further, we will provide additional
reasoning for the clustering method as this was something pointed out by the third Referee (see
AC 1.4.6.).

RC 2.5. Results

RC 2.5.1. li 239 - “EFE violations are widespread around the world, concentrating on lower
bound violations in the arid and dry temperate climate zones” The pre-alteration context needs
to be given, for comparison and for these results to have meaning. Also, there are limitations of
the approach for rivers with very low to no flows, and this needs covering in the results and
discussion. Again, there are issues around grammar and the expression of information that
detract from the sense of this sentence (violations that concentrate on lower bound violations).
While I understand what is intended, such sentences need to be corrected.



AC 2.5.1. Regarding the limitations of the approach, we hope that revising the Methods section,
especially considering AC 2.4.1. and AC 2.4.7. to AC 2.4.10., the results will prove easier to
interpret and discuss later.

As outlined in AC 2.4.1., we performed a new analysis on the frequency of pre-industrial EFE
violations. Using the method to produce Figure 2, we get 24.0% of basins with more than 5% of
all months 1801-1860 violated, vs. 49.8% of basins during 1976-2005. It is noteworthy that no
sub-basins have more than 5% of months violated solely due to upper bound violations. Hence,
all major upper bound violations are due to changes in discharge that have occurred between
the pre-industrial and recent past periods, whereas a part of the major lower bound violations
are caused by natural variability.

Given the 5% threshold, the global EFE violation frequency has doubled since the pre-industrial
time period, which already indicates changes in discharge. This is increasingly highlighted when
counting sub-basins with more than 10% (9.6% pre-industrial vs. 32.7% recent past) or more
than 25% (0.08% pre-industrial vs. 9.5% recent past) of all months violated. We will incorporate
these results in the revised manuscript and discuss them accordingly. We have also attached
here a map (Fig. 1), showing the change in EFE violation frequency from the pre-industrial
period to the recent past period. This will replace Fig. 2 in the manuscript. Further, we will also
include maps of the pre-industrial violation frequency as part of a new Figure A4.



Figure 1: Frequency of environmental flow envelope (EFE) violations between 1976 and 2005
for both upper and lower bounds (a), lower bound only (b), and upper bound only (c) aligned
with the change in violation frequency since the pre-industrial (1801-1860) period (d-f). All
values are computed across four global hydrological models (GHMs). Sub–basins with mean
annual flow (MAF) less than 10 m3 s-1 at the sub-basin outlet are excluded.

RC 2.5.2. li 245. “Therefore, the EFE is rather violated by insufficient than excessive discharge,
and regional patterns are more clearly visible in EFE lower bound violations whereas EFE upper
bound violations are more dispersed into individual sub–basins.” I think the results need
breaking down further to make this argument. How much of this pattern is a result of: using
hydrology based approaches that tend to focus more on the low flow regime (Q90) or monthly
time step, and/or less on event-based influences such as floods; or a regional effect attributable
to naturally more arid conditions rather than a function of the operation of infrastructure? How



sensitive are the results to the somewhat arbitrary setting of the upper and lower bounds, and to
natural flow regime characteristics?

AC 2.5.2. Overall, wider areas of sub-basins are covered by EFE lower bound violations, which
is why we consider it more likely than EFE upper bound violations. On the other hand,
sub-basins with EFE upper bound violations are seldom grouped together as are sub-basins
with EFE lower bound violations.

We hope that our extended justification of the method, especially regarding 1) the setting of
lower and upper bounds (AC 2.4.8. & AC 1.2.1.), 2) the enforcement of the three-month rule
(AC 2.4.1. & AC 1.3.3.) and 3) the role of floods versus long-term increases in discharge (AC
2.4.9.) are adequate to better prepare the reader for the Results section.

After we have also quantified the pre-industrial violations to investigate how large a fraction of
the violations could be natural, there is strong evidence that the violation frequency has
increased globally since the pre-industrial time. Regarding the comparison “rather violated by
insufficient than excessive discharge”, however, we do agree with the Referees that this might
not be a feasible statement due to the different methods of defining the EFE bounds. If e.g. the
EFE upper bound was defined with a lower percentile than the 95th, the comparison could look
very different. We will temper this argument in the revised manuscript.

RC 2.5.3. li 273 - Niger River - for a named river, the R should be upper case. Tigris-E Basin?
Northern China - the N might need to be lower case unless it is a specific region.

AC 2.5.3. We will make sure that the naming of rivers and basins is correct throughout the
manuscript.

RC 2.5.4. li 259-276. The results are interesting and some of them could feature more
substantively in the discussion.

AC 2.5.4. We are happy to see these results being of interest. We will feature them more
substantively in the discussion.

RC 2.5.5. li 287 - “Respectively…”Such sentences are poorly structured and compound, and
need to be rewritten for clarity.

AC 2.5.5. We will rewrite these sentences for a clearer expression.

RC 2.5.6. li 300 - “increasing discharge alleviating EFE lower bound violations may turn out to
be amplifying for EFE upper bound violations in some regions and downplay the positive
indications of decreasing EFE lower bound violation trends.” Such sentences cannot be
understood as written.

AC 2.5.6. We will split and reword this sentence to make it understandable.



RC 2.6. Discussion
RC 2.6.1. The discussion needs greater depth in content, including in relation to ecological
limitations, and the implications of the results. Draw in some points on more arid river systems
(where the approach seems particularly weak) and on temporary rivers.

AC 2.6.1. Especially relating to comments AC 2.4.1. and AC 2.4.7. to AC 2.4.10., we hope that
changes to previous sections, especially Methods, help in interpreting the discussion with
respect to the limitations and implications of the study. We will expand and clarify our
arguments, as well as address the limitations of the study in more detail.

RC 2.6.2. li 346 - Suggest you differentiate between ecosystem change and threat - e.g. in
Europe many rivers are already ecologically degraded, not simply at threat of degradation.

AC 2.6.2. We will make this distinction by noting that some European rivers are indeed
degraded and not only at the threat of degradation (Grizzetti et al., 2017). This is one example
of a “threat” that has already been realised (see also AC 2.1.3.).

RC 2.6.3. li 348 - “Since these areas show relatively little EFE violations, it can be inferred that
even though the quantitative discharge would be within the EFE, the anthropogenic flow
alteration can still be major.” Should read “relatively few/minor”. This is a key point that needs
more elaboration - otherwise, it suggests that the approach taken/methods used are
insufficiently ecologically representative or attuned to reality.

AC 2.6.3. We will combine this observation with the revised section on ecology and elaborate it
with respect to the extended description of Methods.

RC 2.6.4. li 359 - “can largely be attributed to anthropogenic impact…” But one might argue that
you simply see potential congruency rather than having demonstrated an attribution/causal link
through the data?

AC 2.6.4. We will reword the sentence so that it doesn’t imply a causal link but rather a
congruency.

RC 2.6.5. li 362 - What is meant by “remotely teleconnected” here?

AC 2.6.5. The “remotely teleconnected” refers to changes in the hydrological cycle, which have
an effect within a sub-basin despite originating to regions outside its boundaries. For example,
land use change can alter atmospheric moisture recycling and affect e.g. rainfall on distant
sub-basins, which are not connected to the origin of the change by land surface hydrology. We
will clarify this in the revised manuscript.

RC 2.6.6. Li 366. This is suggesting that drought is the main cause of increasing violations – not
increased abstraction? That is strange as demands in these regions are high.



AC 2.6.6. We aimed to state that droughts and EFE violations co-occur in many regions and the
underlying driver - an abnormally low amount of water in river systems - is the same. Based on
the available evidence, we are unable and have not attempted to establish causal links. We will
revise the sentence to avoid either claiming that drought causes the violations, or vice versa.

RC 2.6.7. li 384 - “flaws” - suggest reword as “limitations” and ref. Poff et al. 2017 here. If they
are flawed, then this puts their use into question.

AC 2.6.7. We will reword “flaws” to “limitations” and incorporate the suggested reference.

RC 2.6.8. li 384 - “global fish biodiversity has shown that several other factors, such as water
quality and the presence of invasive species, may be more important in maintaining riverine
ecosystems than quantitative flow (Su et al., 2021).” Yes, but the context is important to get right
here and in general. Moreover, fish are one group of species, not directly equivalent to an
ecosystem or its functions. This section on ecology is weak and needs a very careful
read-through to address assumptions/oversimplifications.

AC 2.6.8. We will revisit the section to more explicitly cover the assumptions and limitations of
our method, in accordance with AC 2.4.7. to AC 2.4.10. Regarding the referenced study, we
chose it to be referenced here because it is a recent global study based on in situ
measurements. However, we do agree that fish are not equivalent to the complete ecosystem
and will emphasise this in the revised sentence.

RC 2.6.9. li 386 - “well-being” is typically used for people, and integrity or health for ecosystems.

AC 2.6.9. We will replace “ecosystem well-being” with “ecosystem integrity” throughout the text.

RC 2.6.10. li 394-404. This is a mix of natural flow paradigm, novel and hybrid systems,
designer flows, shifting baselines etc. and needs to be sorted out into a more cogent argument.

AC 2.6.10. The aim of this paragraph is to first state that EFEs are based on the natural flow
paradigm, which is widely adopted in the broader context of quantifying human impacts on the
Earth system. However, if EFEs were to be applied in practical terms, following the simple aim
of retaining or returning to the natural state is not straightforward. This is because of the
profound anthropogenic modification of rivers, as well as climate change that affects even
pristine streamflow. Therefore, any measure should recognise the practical limits of flow
restoration. We will clarify and simplify the argument to convey our message better. We will also
incorporate the reference suggested in AC 2.2.1. (Poff et al., 2016) to give an example on the
practical process of allocating streamflow to human use and the environment.

RC 2.6.11. li 396 - “its globally equal absoluteness”. This is not English as written.

AC 2.6.11. We will revise the sentence to a better wording.



RC 2.6.12. li 408 - Section 4.3 needs a serious edit. Please use simpler sentences that make
clear points, to help with the logic of your argument.

AC 2.6.12. We will revisit the Section to convey our argument in a more effective way. Here, we
attempted to first compare our method with relevant literature and then evaluate the limitations
of the method. Especially regarding the limitations of the method, we hope that changes
according to AC 2.4.7. to AC 2.4.10. will help in clarifying this part.

RC 2.6.13. li 409 - You need to provide a reference or better introduce “ensemble thinking” in
this context - here or under the methods.

AC 2.6.13 We will add a better introduction to “ensemble thinking” in the Methods section; see
AC 2.4.8.

RC 2.6.14. li 427. Terms such as “excessive flows” need to be expressed using more
scientifically appropriate wording.

AC 2.6.14. We will reword “excessive flows” to “increased upper extreme flows” throughout the
text.

RC 2.6.15. li 447 - “quantification of the riverine ecosystem responses to prolonged and
excessive flows through case studies would benefit the development of the EFE upper bound.”
Suggest include some supporting references here for a couple of e-flow case studies that
address this aspect.

AC 2.6.15. Although there are studies to support the claim that long-term increased flows are
harmful for certain ecosystems (Hayes et al., 2018; Junk et al., 1989; Schneider et al., 2017),
we are currently unaware of quantitative case studies that would determine the upper bound.
Here, our aim was to highlight that the quantifications in particular are missing, and future
studies could aid in replacing our EFE upper bound with a more ecology-based alternative. We
will revise the sentence to make our point clearer.

RC 2.6.16. Li 455 – it would be useful to comment on the application of this approach at the
local scale compared to the global scale, and the limitations associated with that. In line 466 you
mention "operationalising our results at the basin scale", but just what this means could be
clarified.

AC 2.6.16. We hope that the revised Methods section, as well as the added discussion on the
limitations of this method prepares better for the end of the Discussion. Using the coarse
simulated data at the level 5 HydroBASINS sub-basins at a monthly timestep, the EFE, as we
define it, is best used in relatively large sub-basins with a clear outlet. For more local
applications, especially regarding small coastal catchments (e.g. the Mgeni river), EFEs based
on global data may not be applicable, although the EFE as a concept would be. The need for



more sophisticated EF methods, as well as the consideration of catchment-specific
characteristics such as flow intermittency, are increasingly highlighted when transferring the
approach into higher-detailed sub-basins. In the revised manuscript, we will provide a more
careful argument on the scale dependency of our results.

RC 2.6.17. li 466. Can you be more specific on ways to make the approach more meaningful
operationally i.e. from an implementation standpoint? There are obvious limitations, given the
characteristics of the EF methods used. So the appropriateness and the limits of such simple
global scale, hydrology- based methods must be kept in mind in these concluding remarks.

AC 2.6.17. After revising the text according to AC 2.6.16., we hope that the assumptions and
limitations of our method are clearer at this point. As in many other global-scale studies, the
best way to make use of our results is to preliminarily identify areas in which the most drastic
EFE violations prevail. Our in-depth analysis of the violation characteristics performs this well,
but basin-scale decision-making should consider higher-resolution data and more advanced EF
methods due to the multiple limitations outlined in these responses. It should also be kept in
mind that our method may not comprehensively portray the ecosystem conditions due to its
simplicity, and locally relevant violations can be masked by the data and method resolution.
Moreover, our results are best used in larger catchments instead of smaller ones covering few
grid cells (see AC 2.4.11.). We will revisit the Discussion and Conclusion to more explicitly
feature the limitations and implications of using solely global data and hydrological EF methods.

RC 2.7. Figures and tables
The paper follows a nice, clear and logical layout and the figures are generally good.

RC 2.7.1. Fig 3. It is difficult with these colours to differentiate the low violations cases from the
less than 10% frequency case. Also, is it well explained in the text as to what is meant by the
shorthand “no months in season”?

AC 2.7.1. The “no months in season” refers to sub-basins in which there are no months
between 1976 and 2005 during which monthly discharge would fall below 0.4 * MAF. We will
add a mention of this in the figure caption. Regarding the colours, we interpret the Referee to
point out to the distinction between “no violations” blue colour and the class of < 10% frequency
& low severity, which is represented by a grey colour. We will revise the blue colour to be more
distinctive from the grey.

RC 2.7.2. Fig A1 - There is too much small text in the figure.

AC 2.7.2. Thanks for the note; we will revise some of the text into a more concise form to make
the figure less crammed.



Recommendation
Moderate revision.

We are grateful for the time taken and effort made by the Referees to provide their comments
on the manuscript. We hope that our responses are adequate and revising the manuscript
according to them will make it significantly stronger.
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