Author’s Response

We thank the reviewer for the helpful comments on the manuscript. We really appreciated the
positive feedback. Below is our response to these comments in detail (red text) and text that we
will change in the manuscript is in blue text.

Suggested Improvements

(1) At the top of page 3 the authors provide a graphical abstract, which is quite helpful to the
paper. But I wonder if it is possible to do something similar regarding the physical processes or

(water) pathways that are emphasized or de-emphasized or changed from one (temporal + spatial
+ disturbance) regime to another? I hope this suggestion is clear. As I understand this paper, the

authors are describing a systems approach (or model) addressing tree mortality in the Western
US. But it seems to me that the paper is largely descriptive of some of the environmental
conditions and how they lead to different outcomes for a forest. I think it would be more
insightful to discuss the ways in which pathways, by which water moves through the forest
ecosystem, change in response to changes in the drivers.

This is a good suggestion. Instead of making a new figure, we have improved the previous
graphical abstract by adding a water pathway column.
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We updated the abstract to match the graphic abstract: (from line 36 to line 54, the highlighted
parts below show these changes)

Mountain pine beetle (MPB) outbreaks in the western United States result in widespread tree
mortality, transforming forest structure within watersheds. While there is evidence that these
changes can alter the timing and quantity of streamflow, there is substantial variation in both the



magnitude and direction of responses and the climatic and environmental mechanisms driving
this variation are not well understood. Herein, we coupled an eco-hydrologic model (RHESSys)
with a beetle effects model and applied it to a semiarid watershed, Trail Creek, in the Bigwood
River basin in central Idaho to evaluate how varying degrees of beetle-caused tree mortality
influence water yield. Simulation results show that water yield during the first 15 years after
beetle outbreak is controlled by interactions among interannual climate variability, the extent of
vegetation mortality, and long-term aridity. During wet years, water yield after beetle outbreak
increases with greater tree mortality; this is driven by mortality-caused decreases in
evapotranspiration. During dry years, water yield decreases at low to medium mortality but
increases at high mortality. The mortality threshold for the direction of change is location-
specific. The change in water yield also varies spatially along aridity gradients during dry years.
In relatively wetter areas of the Trail Creek basin, post-outbreak water yield decreases at low
mortality (driven by an increase in ground evaporation) and increases when vegetation mortality
is greater than 40 percent (driven by a decrease in canopy evaporation and transpiration). In more
water-limited areas on the other hand, water yield typically decreases after beetle outbreaks,
regardless of mortality level (but the driving mechanisms are different). Results suggest that
long-term aridity can be a useful indicator for the direction of water yield changes after
disturbance.

(2) As a follow on from (1) above, I think it would be helpful to move the last paragraph (lines
616-629, page 29) to the introduction. It would help to put the modeling effort into

context. Otherwise I was left to wonder until the last paragraph what the application of the
authors’ modeling effort might be and who might benefit from reading this paper.

Yes, it makes more sense to explain the broader impacts of this paper in the introduction. We
will move the last paragraph (lines 616-629, page 29) to the introduction before the conceptual
framework section (after line 117, page 7).

(3) I'have no doubt of the importance of aridity in their findings. Current expectations are that
aridity in the western US will continue to worsen as climate change progresses. Nonetheless, I
am having some difficulty with the term “long-term” aridity. Yes, they do have a 38-year
record. But at present aridity is dynamic (and has the potential to get much worse in far less than
38 years). I think the authors need to recognize and mention in their work that the past record
may not be as useful in trying to project into the future as their findings suggest. Simply
extrapolating from the past 38 years of data may bias their results somewhat, especially if aridity
(as represented by the aridity index) is prone to rapid intensification. The paper would benefit by
including further discussion of this issue.

Thank you for this suggestion. It prompted us to clarify the strengths and potential limitations of
our historical study. To address this concern, we will add an extra paragraph to the discussion
section 5.3 - role of long-term aridity index (after line 566; check details below).



We found the long-term (38-year) aridity index for our study region was a key driver influencing
hydrologic responses to beetle outbreaks. While this trend is likely to continue in the future as
climate change intensifies aridity in the western US (Livneh and Badger 2020), the classification
of water-limited/balanced region based on 38-year aridity index may not be stable. Thus,
projecting how responses will change under future aridity scenarios requires further modeling
research. We used historical 38-years (1980-2019) data to calculate the aridity index (PET/P).
This method can be extended to project future responses to beetle outbreaks by using future
climate data from generalized circulation models (GCMs) to drive the process-based,
ecohydrologic-beetle effects model. Another consideration, however, is that as aridity continues
to increase, vegetation may shift from evergreen to more drought-tolerant shrub or grass species.
This would in turn alter beetle outbreak patterns and the corresponding water yield responses
(Abatzoglou and Kolden 2011; Bart, Tague, and Moritz 2016). However, this process is not well
understood and is not currently represented in our modeling framework. Thus, a key uncertainty
in predicting future beetle effects is how vegetation will respond to climate change.

(4) In the Introduction the discussion of sublimation should probably cite Frank et al

(2019: Bayesian analyses of seventeen winters of water vapor fluxes show bark beetles reduce
sublimation. Water Resources Research 55: doi:10.1029/2018WR023054). The findings of
Frank et al. (2019) are germane and relevant to the authors’ paper. Furthermore, Frank et al. cite
other works that the authors should probably cite when discussing the impact that beetles can
have on the (canopy-atmosphere-environmental) processes involved in sublimation. Given the
importance of snowpacks and sublimation to forest ecosystem water balances I would suggest
that the authors provide further discussion of the details of the model’s performance regarding
sublimation. The model’s predictions regarding the change in sublimation (from the snowpack
and from the foliage-intercepted snow) before and after the beetles have killed the trees would
provide some further insights into how well the model captures these important sublimation-
related processes and observations. And although different observers/papers report somewhat
different findings, I think comparing the model’s predictions of changes in sublimation amounts
and stream flow to previous observations would be worthwhile, especially for a systems level
model like the one the authors are using.

Thank you for this helpful suggestion. We ran some additional analyses on how snow
sublimation responds to beetle outbreak and made the following changes to the text:

1. In the introduction, line 73 (page 5) we will add the following text:

Snow sublimation is an important process in snow-dominated forest systems. Beetle outbreak
can reduce total sublimation, which can in turn increase water yield, especially since canopy
sublimation is more sensitive to disturbances than ground snow sublimation (Frank et al.
2019).

2. In the result section 4.1, after line 395 (page 19), we will add an extra paragraph to
discuss the sublimation response to beetle outbreak. We also will add Fig S7 to the
supplementary material.



Snow sublimation plays an essential role in driving the evaporation responses we observed.
In Trail Creek, snow sublimation accounts for around 50% of total evaporation (not shown in
the figure), and around 60% is canopy sublimation. Canopy sublimation accounts for an even
larger proportion of total sublimation during high snow years (Fig. S7 d and Fig. S1). These
results are similar to other Western US forests where 50 to 60% of total sublimation has been
found to come from canopy sublimation, which is more sensitive to beetle kill than ground
snow sublimation (Molotch et al. 2007; Frank et al. 2019). We also found that during the first
three years after beetle outbreak, when dead foliage is still on the canopy, canopy
sublimation increases by approximately 6% due to an increase in 7otal LAI, which increases
canopy snow interception and subsequent sublimation (Fig. 5). However, when the dead
foliage falls to the ground and snags start falling, the canopy sublimation decreases by
approximately 10% for the most severe mortality scenario (60% evergreen mortality)
compared to no-outbreak scenario. This occurs because canopy Total LAI decreases and there
is less canopy interception (Fig. 5).

Ground snow sublimation is less sensitive to beetle kill (Fig. S7 b). In the first three years
after beetle kill (at 60% mortality), ground snow sublimation increases by approximately
7.5% due to decreased snowmelt caused by closed canopy. However, from 1993 to 2002,
there is no obvious changes in ground snow sublimation after beetle outbreak. When all dead
foliage and more than 50% of snags fall to the ground, ground snow sublimation decreases
because of increased snowmelt due to the open canopy (Fig. 5 and Fig 7b). In general, for the
60% mortality scenario, the ground snow sublimation first increases by approximately 5%
when dead foliage is still on the trees, then decreases by approximately 6% when the canopy
is open.

Other recent studies corroborated out findings, although with some discrepancies. Other
process-based snow models have shown that canopy sublimation can decrease by 7% and
total sublimation can decrease by 4% following beetle attack (Sexstone et al. 2018).
Although we find similar decreases trend in canopy snow sublimation after dead foliage falls
to the ground, we also find that canopy sublimation increases following beetle outbreak due
to an increase in Total LAI This is corroborated by other studies that have found canopy
sublimation increases with more leaf area (Koeniger et al. 2008). Furthermore, snowpack
sublimation decreases during the open canopy period (caused by increased snowmelt), which
is different from other studies that show that snowpack sublimation increases due to a more
open canopy (Biederman et al. 2014; Harpold et al. 2014). These contrasts between our
research and previous studies indicate the sophisticated balances between canopy-
atmosphere-environment when studying the sublimation response to disturbances (Edburg et
al. 2012; Frank et al. 2019), which process-based model can help to disentangle.
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Figure S7. Basin-scale snow sublimation responses after beetle outbreak for different evergreen mortality
levels. (a) changes (mortality scenario minus control scenario) in terms of percentage in canopy snow
sublimation. (b) changes in snowpack sublimation. (c¢) Changes in total snow sublimation (canopy snow
+ ground snowpack). (d) the proportion of canopy snow sublimation in total sublimation.

(5) Lines 344-354, Pages 16-17 — These equations do not make dimensional sense to

me. Either Q, P, E and Sublim are rate variables (i.e., mass/unit time) or the storage

terms, AS, should not be divide by dt. If they are rate variables, the authors should include the
physical units in their definition. If they are total amounts (i.e., mass) then they should say that
and correct the storage terms.

They are rate variables at an annual time step. We updated equations (1) and (2) at page 17, and
the corresponding unit as follow:

Q =P — Ecanopy = Egrouna — Sublim —

_ d(Ssoil + Slitter + Scanopy + Ssnowpack) /d (1)
t

T
Q: Water yield (mm/year)

P: Precipitation (mm/year)

Ecanopy: Canopy evaporation (including canopy snow sublimation, mm/year)



Egrouna: Ground evaporation includes bare soil evaporation, pond evaporation, and litter
evaporation (mm/year)

T: Transpiration (mm/year)

Sublim: Ground snow sublimation (mm/year)

dss"“/ dt" Change in soil water storage calculated at yearly interval

dslitter/ d¢ Change in litter water storage calculated at yearly interval

ds
canopy / d¢: Change in canopy water storage calculated at yearly interval

ds ) .
snowpack / d¢: change in snowpack water storage calculated at yearly interval

Calculating water balance differences between different mortality scenarios and control scenario
results in Eq. (2):

AQ = AE anopy + AEgrouna + ASublim + AT +

A(d(SSOil + Slitter + Scanopy + Ssnowpack)/dt) (2)
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