Response to Anonymous Referee #1

We thank the reviewer for their detailed comments and suggested considerations to improve
our manuscript. We have addressed each individual comment below and have edited the
manuscript accordingly. Reviewer comments are in italics and our responses are in normal
text.

Summary:

Lindberg et al. investigate patterns in leaf wax (n-alkane and n-alkanoic acid) distribution in
vegetation from the Arctic. The work provides a foundation for interpreting paleoclimate
records based on leaf wax molecular proxies in sediment cores. Their assessment of the
environmental parameters (meteorological/environmental effects, and vital effects of different
species) is thorough, in that it combines their large dataset form the Eastern Canadian Arctic
with a pan-Arctic synthesis. Ultimately, they provide a practical tool for paleoclimatologists
working in the Arctic.

The manuscript is very clearly written, includes a solid statistically-based discussion, includes
pertinent citations, and is essentially ready for publication, although | have two considerations
for the authors, as well as a few very minor comments

Considerations:

The first consideration is that latitude is not tested as an environmental parameter. We don't
typically think of latitude as a driving factor, but in the case of Arctic leaf waxes, there has
been discussion on if day-length impacts leaf wax hydrogen isotopes. Perhaps their study
sites don’t span a substantial gradient in day-length, or the length of the 24-hour daylight
season (latitude is a proxy for this), but I think it would be worth at least acknowledging this
point. That is, a previous study from Baffin Island by Shanahan et al. (2013) had anomalously
small fractionation values between precipitation and leaf wax D/H — how does that previous.
In fact, this is one paper that seems like it should be cited, or explained why it is not included
in the synthesis.

We agree with the reviewer that latitude should be included in our statistical analyses of
environmental parameters and plant wax indices. We have adjusted Figures 6-9 and
associated text to include the results of these correlations. We have also included text in the
Discussion sections which incorporate the explanation of latitude as a proxy for the daily
length of daylight during the growing season (Shanahan et al., 2013; Yang et al., 2009, 2011)
and how this mechanism compares to correlations between latitude and plant wax indices
(Section 4.4, Lines 500-509):

“Previous studies have also found positive correlations between €45, and latitude in Arctic
vegetation, where latitude serves as a proxy for the daily length of daylight during the growing
season (Shanahan et al., 2013; Yang et al., 2011). These correlations were supported by
experimental results where increased light exposure promoted more plant evapotranspiration,
causing eapp values to be more enriched (Yang et al., 2009). In the pan-Arctic dataset, the
only data subset that showed a similar, positive correlation (r = 0.63) between €45, and latitude
was non-vascular n-alkanoic acids (Fig. 7c). Based on their n-alkanoic acid €., correlations



between precipitation amount and latitude, it could be possible that non-vascular terrestrial
Arctic plants are more sensitive to evaporation than vascular ones. However, this pattern is
likely not robust since these correlations are not present in non-vascular n-alkanes (Fig. 7d)
and also do not manifest in mosses (Fig. 8e, 8f), despite them being the most abundant non-
vascular plant growth form in the pan-Arctic dataset.”

In response to the second part of this consideration, we do not include plant waxes from
Shanahan et al. (2013) in our pan-Arctic data synthesis because their data was extracted
from lake sediments, not modern plants. We have adjusted the wording as follows in our
description of the data compilation methods in this study (Section 2.1) to better emphasize
that we only compiled plant wax data extracted from terrestrial plants (Section 2.1, Lines 118-
119):

“To expand the sample size and range of environmental conditions, we compiled published
plant wax data from terrestrial plants from sampling sites across the entire Arctic; within the
latitude range spanned by the ECA transect (Fig. 1a).”

The second consideration is that among all the environmental parameters tested, they did not
include Vapor Pressure Deficit. | wonder, if they combine the air temperature, relative
humidity, and added in the modeled leaf temperature, would they find strong gradients in VPD
across their sites, and how would this relate to the epsilon value. It has been untested, to my
knowledge, but could be potentially revealing as an important environmental control.

We thank the reviewer for their suggestion to consider Vapor Pressure Deficit (VPD) in our
analyses of Arctic environmental parameters. However, after testing VPD in our correlation
matrices, we have decided not to include it in our revisions because VPD was strongly
negatively correlated (r < -0.92) with relative humidity in all plant wax data subsets shown in
Figures 6-9. This resulted in all Pearson r-values between VPD and plant wax indices having
nearly the same magnitude with the opposite sign compared to correlations with relative
humidity, so showing tests with one parameter reliably predicts the results of the other. Below,
we have shown the derivation of VPD and its inverse relationship with relative humidity based
on Equation 1 from our manuscript (Alduchov and Eskridge, 1996), which calculates relative
humidity based on temperature (T) and dew point temperature (Dp):

Saturation Vapor Pressure: Es = el7:623"D243.04+ T (Alduchov and Eskridge, 1996)

Actual Vapor Pressure: Ea = el(17:625"bpi243.04+De)l (Alduchov and Eskridge, 1996)

Relative Humidity = (Ea/Es) * 100

Vapor Pressure Deficit: VPD = Es - Ea

VPD = Es - (RH * Es/100)

Additionally, incorporating modeled leaf temperature into our statistical analyses is beyond the

scope of this study. This process would require implementing a separate model which would
need to be run for each plant sample. Commonly used leaf models, such as Tealeaves (Muir,



2019) and NicheMapR (Kearney and Porter, 2020), are also not currently suited for modeling
non-vascular plants, which represent a significant portion of our total samples.

Minor Comments:

Paragraph at line 244, which refers to Figure S2: Specify again in this paragraph that this
includes data points from all plant types. Also, you mention that the pan-Arctic dataset has
an n=386. But it does not look like Figure S2 has 386 data points. Can you clarify what is
included in this figure?

We have clarified in this sentence and in the Figure S2 caption as follows that these Pearson
correlations were performed using data from all plant growth forms in the pan-Arctic dataset.
We also agree that our description of sample sizes in this manuscript needs clarification.
While we used data from a total of 386 plant samples between the samples we analyzed and
compiled from other publications, not every data type was available for each sample or
compound class. To illustrate this better, we have added two new tables to the supplement (to
be Table S1 and Table S2) that show the number of data points for each data type in each
compound class. Table S1 shows the raw sample counts and Table S2 shows the sample
counts where plants of the same species collected at the same time from the same site are
averaged together (see Section 2.4):

Section 3.3, Lines 266-269: “In the pan-Arctic dataset using all plant growth forms, we found
that n-alkanoic acid d°H had a weak, positive correlation (r = 0.25; p = 0.02) with MAF
precipitation 3°H (Fig. S2a), while n-alkane 3°H had a moderate, positive correlation (r = 0.64;
p < 0.01) with MAF precipitation d°H (Fig. S2b)."

Figure S2 caption: “Pearson correlations and linear regressions in each panel were performed
on the pan-Arctic dataset using all plant growth forms (see Table S2 for sample sizes).”
Figure 7 caption: specify if this is the pan-Arctic dataset or the ECA dataset. (It's stated in the

text, but would help clarify the figure caption.)

All of the correlation matrices in Figures 6-9 were produced using the pan-Arctic dataset. We
have added this clarification to each of those figure’s captions.



Response to Anonymous Referee #2

We thank the reviewer for their thorough review of our manuscript and for providing helpful
comments for improving our manuscript. We have addressed each individual comment below
and will edit the manuscript accordingly. Reviewer comments are in italics and our responses
are in normal text.

Summary and Major Quetsions:
Review of egusphere-2025-3849.

Ecological and environmental controls on plant wax production and stable isotope
fractionation in modern terrestrial Arctic vegetation. By Kurt R. Lindberg, Elizabeth K.
Thomas, Martha K. Raynolds, Helga Blltmann, and Jonathan H. Raberg

Dear associate editor and authors, | have read this manuscript with great pleasure, it is an
interesting topic. | do have some questions though, some more scientific and some more
technical. | will start with a scientific question, what about meltwater? If | understand the
authors correctly they looked at relatively early growth, so when the snow and ice is still
melting? The hydrogen isotope composition of snow is, as far as | know, different from rain.
Plus, snow and ice maybe derived from other seasons than the precipitation during the
growing season. Of course, different plant types might have different access to meltwater,
some have roots and can access ground water that | guess in part is meltwater, some might
live on rocks or trees and have less access to meltwater and some might live in bogs (or even
“lakes” and have access to meltwater much longer time span. Could this affect the hydrogen
isotopic composition of the different compounds measured and for instance have kept the 2H
values much more stable than expected based on precipitation values?

The reviewer makes a very good point about the potential influence of meltwater on the 3%H
composition of soil water and, therefore, the 5°H of terrestrial plant waxes. We have added
text as follows to the Materials and Methods section (Section 2.2) about Arctic environmental
parameters to explain our use of MAF precipitation to represent the 3°H value of water that
plants are using when synthesizing their plant waxes (Section 2.2, Lines 144-148):

“We justify our use of MAF precipitation 3°H based on several studies which show that
shallow Arctic soil water, from which most plants obtain their water, generally reflects growing
season precipitation without the influence of 2H-depleted snowmelt (Chiasson-Poirier et al.,
2020; Daniels et al., 2017; O’Connor et al., 2020; Sullivan and Welker, 2007). This is
attributed to the soil still being frozen and impermeable during the snowmelt period, which
causes the meltwater to be lost from the system as surface runoff (Woo, 2012).”

That brings me to my second comment or question. | really like the Bowen model and tool to
reconstruct or estimate precipitation 2H values. However, the quality depends largely on the
proximity of measuring stations. The interpolations between measuring stations can be very
good if the landscape is fairly boring, as soon as you get elevation differences, for instance,
they might be off. This made me think that the strong dependence on epsilon values might
over simplify things. Has this been considered?



We agree with the referee that using precipitation 3*H values from the OIPC comes with
uncertainties related to a given site’s surrounding topography and proximity to precipitation
isotope measuring stations (e.g., Feakins and Sessions, 2010; Gorbey et al., 2022). We
reference these some of these uncertainties in Sections 2.2 and 4.4 when justifying our use of
OIPC precipitation isotopes and ERA5S reanalysis data for other environmental parameters
since our ECA study sites, along with many others in the pan-Arctic dataset, do not have such
data collected in-situ or from a close enough monitoring station. That said, we have added
additional text to acknowledge its associated uncertainties in exchange for providing a
consistent methodology for obtaining this data (Section 4.4, Lines 495-499):

“It is possible that the ranges of MAF precipitation amount, temperature, and relative humidity
in the pan-Arctic dataset are not enough to drive consistent, significant changes in €app
(Feakins and Sessions, 2010). Though, it is also possible that some of the total €45, Variability
is lost by using spatially interpolated OIPC precipitation isotope &°H instead of in-situ
measurements (Feakins and Sessions, 2010; Gorbey et al., 2022).”

The authors give an overview of things hat might affect the 2H values, the one | was missing
was the amount effect. | don’t know if that plays a role in the settings discussed here, but |
think there are elevation differences, perhaps there are also areas with way more
precipitation than others? By the way, also a reason why sometimes the 2H model might have
the 2H of precip. wrong, the amount effect.

Many studies have shown that variations in Arctic precipitation isotope ratios are primarily
driven by seasonal changes in temperature and moisture source, instead of the precipitation
amount effect which is more prominent in lower latitude sites (Broadman et al., 2020; Cluett et
al., 2021; Dansgaard, 1964; Putman et al., 2017). We have added text as follows to the
Materials and Methods section (Section 2.2) about Arctic environmental parameters that
states these main drivers of Arctic precipitation isotope variability (Section 2.2, Lines 148-
150):

“Additionally, variations in Arctic precipitation isotope ratios are primarily driven by consistent,
seasonal changes in temperature and moisture source, rather than amount-driven
fractionation during individual precipitation events (Broadman et al., 2020; Cluett et al., 2021;
Dansgaard, 1964; Putman et al., 2017).”

My last main comment is on the M and M section, | think the technical section the 2H
measurements is a bit light. What reference materials were measured on the same machine
to ensure data quality? Did the authors consider that peaks have to have a decent size for a
reliable measurement? Measuring samples or compounds multiple times at roughly the same
low peak height (or area) will give you reproducible values, not necessarily the “correct”
values. | agree that this doesn’t need to be in the manuscript, but the lack of technical details
made me wonder. Of course, the authors have put a lot of effort in the statistical analysis of
the results, but if the quality of the results can not be judged by the reviewer and other
readers the statistics are also not so useful.



We have added additional text to the Materials and Methods section (Section 2.3) as follows
on our analysis of plant wax n-alkanoic acid 8*H and &™C. All GC-IRMS sequences were run
with standards of known isotopic values to correct for instrument drift and peak size linearity.
These methods are consistent with, and also described in, other studies where plant wax n-
alkanoic acid stable isotope data was produced in the University at Buffalo Organic and
Stable Isotope Biogeochemistry Laboratory (Gorbey et al., 2021; Hollister et al., 2022;
Holtzman et al., 2025) (Section 2.3, Lines 171-178):

“Stable isotope analysis was conducted in the University at Buffalo Organic and Stable
Isotope Biogeochemistry Laboratory using a Thermo Delta V+ Isotope Ratio Mass
Spectrometer (IRMS) with a split/splitless injector and a TriPlus RSH autosampler, connected
to the IRMS via IsoLink Il and Conflo IV with all samples and standards run in triplicate. Within
each IRMS sequence, we ran standards of C» and Css n-alkanoic acids to calibrate sample
d1C results to the Vienna Pee Dee Belemnite (VPDB) scale and calibrate &H results to the
Vienna Standard Mean Ocean Water (VSMOW) scale. These C, and C,s standards were
also used to correct for chromatograph peak size linearity. Additionally, we used standards of
Cis and Cy4 n-alkanoic acids to correct for instrument drift.”

In an Australian study, | think leaf water enrichment and relative humidity were determined to
be the most important, I think. They measured along a transect with very little difference in
source water 2H and came to that conclusion. | think a paper by Ansgar Kahmen and or his
group. Just a suggestion, | know very different environment.

We thank the reviewer for bringing our attention to this study. We will reference this study in
our discussion in Section 4.4 on the expected vs. observed relationship between terrestrial
Arctic plant wax €ap, and relative humidity (Section 4.4, Line 485).

Overall, | think the manuscript needs some work, perhaps different water sources, (including
precipitation, ice, snow, meltwater, lake water etc.) have been measured and can be
compared to the model results for possibly more accurate epsilon values? | definitely would
like to be able to better judge the quality of the 2H measurements, so a bit more detail | the M
en M section would be appreciated. If these questions have been addressed | think the
manuscript is very publishable.

Some more detailed remarks:
Line 4: the govern stable hydrogen isotope fractionation?

This statement about ecological and environmental controls on stable isotope fractionation
applies to both hydrogen and carbon isotopes, even though this study focuses primarily on
the fractionation of variable precipitation hydrogen isotopes. That said, we have clarified that,
in the context of plant waxes, we are referring to the fractionation of “their” stable isotopes
(Abstract, Line 5).



Line 16 and 17: independent of precipitation but reflecting source water 2H, so are
precipitation and source water different things? Precipitation amount?

We have altered the wording in this sentence as follows to clarify that we are referring to
precipitation d°H in the context of terrestrially-derived Arctic plant waxes (Abstract, Lines 16-
18):

“Instead, changes in terrestrially-derived sedimentary plant wax distributions reflect changes
in plant taxa present through time, and changes in terrestrially-derived plant wax &2H reflect
changes in precipitation 3°H.”

Line 35: Baas et al. A comparative study of lipids in Sphagnum species (2000) Organic
Geochemistry 31 535- 541. Ficken et al. An n-alkane proxy for the sedimentary input of
submerged/ floating freshwater aquatic macrophytes (2000) Organic Geochemistry 31 745-
749.

We have added the citations listed in this comment (Baas et al., 2000; Ficken et al., 2000) to
the end of this sentence (Section 1, Lines 35-36).

Line 45: higher and lower d13C values rather than more or less depleted or enriched?

We prefer to use the terms “enriched” and “depleted” when comparing stable isotope values
to avoid confusion with their (usually) negative measurement values. To account for both
frames of reference in this sentence, we have added explanations of these terms relative to
“higher” and “lower” 3**C values as follows (Section 1, Lines 46-49):

“The difference in carbon isotope fractionation between more **C-depleted (lower 3*°C values)
Cs and more **C-enriched (higher 3"*C values) C, photosynthetic pathways has been well
documented, and is commonly used to reconstruct past vegetation change between these
two broad plant community types (Cerling and Harris, 1999), although C, plants do not occur
at high latitudes.”

Line 57: the precipitation amount, the amount effect?

In this sentence, we are just referring to the “total” precipitation amount that a given sampling
site receives (annual, seasonal, etc.), not the amount effect related to precipitation stable
isotopes. We have modified the wording in this sentence as follows to clarify this point
(Section 1, Line 59):

“Environmental factors, including temperature, total precipitation amount, and relative

humidity, may also affect how individual plant taxa produce different plant wax chain-lengths
and fractionate stable carbon and hydrogen isotopes.”

Figure legend of figure 2, precipitation is in 2e not 2d.



We have corrected the reference to panel e in the last sentence of this figure caption.

Line 164: | assume the H3+ factor slowly changed from the one to the other value over a
significant amount of time and this was not the day to day variation? | do like that you mention
the H3+ factor, lots of people have stopped doing that.

We have added text to this section (Section 2.3) as follows to clarify that ECA plant wax n-
alkanoic acid 6°H measurements were taken in two batches, one during the Fall of 2022 and
the other during the Summer of 2023. During both of these periods, Hs" were very consistent
between GC-IRMS sequences, varying by only ~0.1. The shift in Hs" values between the two
measurement periods was caused by instrument maintenance and switching between
analyzing for °H and 3*3C (Section 2, Lines 179-180):

“Sequences run in the Fall of 2022 had Hs" factors ranging from 4.873 + 0.025 to 5.005 *
0.038 (mean £ 10) and Hs" factors in sequences run during the Summer of 2023 ranged from
3.400 £ 0.055 to 3.509 + 0.016.”

Line 247: an average of 30.5 plus or minus 18.6 permil. What drives this range?

We thank the reviewer posing this very good question about what drives these large ranges in
d°H between plant wax chain-lengths from the same sample. Other studies have noted the
variability in plant wax 8?H and &"C between chain-lengths and have attributed it to systemic
changes in isotope fractionation during the production of different chain-lengths (Chikaraishi
and Naraoka, 2007; Feakins et al., 2016; Saishree et al., 2023), although the exact
mechanisms are not well understood. Like those studies, this variability is present in all data
produced and compiled for this study, without a clear pattern between chain-length and
degree of isotope enrichment or depletion. The mean and standard deviation of stable isotope
ranges from our ECA n-alkanoic acid samples are greater than the pan-Arctic dataset, which
may be due to our inclusion of more non-vascular plants (mosses, liverworts, lichens) which
were sparsely sampled from other Arctic sites. We have added text as follows to the Results
and Discussion sections (Section 3.2, 3.3, and 4.4) comparing this variability between our
new ECA data and the pan-Arctic dataset along with the potential mechanism described
above:

Section 3.2, Lines 252-253: “The range in ECA n-alkanoic acid 3"*C between chain-lengths
within an individual sample was an average of 3.2 + 2.3%o0, which was greater than the
average ranges in pan-Arctic n-alkanoic acids (2.6 £ 1.9%0) and n-alkanes (1.3 + 0.6%o).”

Section 3.3. Lines 264-266: “The individual sample range in ECA n-alkanoic acid 3°H between
chain-lengths was an average of 31.9 £+ 18.3%0, which was greater than the average ranges in
pan-Arctic n-alkanoic acids (25.3 £ 14.3%o0) and n-alkanes (17.0 + 13.4%o).”

Section 4.4, Lines 520-522: “Saishree et al. (2023) and other studies (Chikaraishi & Naraoka,
2007; Feakins et al., 2016), also note the substantial variability we observe in plant wax &2H
and 8™C between chain-lengths from the same sample and have attributed it to systemic
changes in biosynthetic fractionation as plants produce different chain-length waxes.”



Line 294: this is from the Bowen model, right, not measured? | know measurements also
have their issues.

Yes, these precipitation 8°H ranges are from the Online Isotopes in Precipitation Calculator
(Bowen et al., 2005; Bowen and Revenaugh, 2003). We have added that clarification as
follows in this sentence. We also realized that this information was only initially introduced in
the Figure 2 caption, and have added similar text to the end of the Materials and Methods
section (Section 2.2) on Environmental Parameters and Precipitation Isotopes.

Section 3.5, Lines 311-313: “Temperatures ranged from 3.6 to 12.4 °C (Fig. 2a), total
precipitation ranged from 130.3 to 803.5 mm (Fig. 2b), relative humidity ranged from 56.3 to
80.1% (Fig. 2c), elevation ranged from 0 to 950 masl (Fig. 2d), and OIPC-derived precipitation
&°H ranged from -145.5 to -86.6%o (Fig. 2e).

Section 2.2, Lines 142-144: “We calculated MAF average amount-weighted precipitation
isotope &?H using monthly average 8°H from the Online Isotopes in Precipitation Calculator
(Bowen et al., 2005; Bowen and Revenaugh, 2003) and ERA5S precipitation amount.”

Line 378-379: So, what about meltwater?

As stated in our response to the previous comment about meltwater, we have added text to
Section 2.2 justifying our assumption that Arctic terrestrial plants use soil water that reflects
growing season precipitation. We have also modify this sentence as follows to reiterate that
we are referring to water availability during the growing season when plants are synthesizing
their cuticular waxes (Section 4.1, Lines 402-404):

“Cold summer temperatures and restricted soil drainage due to bedrock and permafrost
minimize water limitations during the growing season in the Arctic (Gold and Bliss, 1995), the
period in which plant wax synthesis occurs (Tipple et al., 2013).”

Line 441: enriched and depleted relative to what? Each other? | love isotope lingo, but there
are a lot of potential readers out there that get confused with all these relative terms. It might
be better to use delta values and lower and higher.

Similar to our response to the comment for Line 45, we prefer to use “enriched” and
“depleted” terminology when comparing stable isotope values. However, we agree that the
use of the word “relative” in this sentence is very ambiguous and have rephrased this
sentence as follows to better explain our point about the 3**C values of shrubs (Section 4.3,
Lines 469-471):

“Shrubs had the most significantly different distributions of n-alkanoic acid 8**C values based
on Mann-Whitney U tests (Fig. 4e), but many growth forms had three or fewer site and
species-averaged measurements (Fig. 3e, f).”



Line 464-466: Not only the mean annual is important, also the amount that falls in one
session (again the amount effect) is important. That is a measure that is not always captured
by yearly means and averages, every day a little bit or everything in just 2 days, it makes a
difference for the plants, sure, but also for the 2H of the precipitation. Apparent fractionation
that varies with 600 mm?

While the reviewer makes a great point about the potential influence of the distribution of
precipitation throughout a given season, our ERA5 reanalysis datasets (Hersbach et al.,
2020) are limited to monthly precipitation amounts from each year, preventing us from
investigating higher-resolution precipitation variability. However, as we previously stated in our
responses, the amount effect does not exert a strong influence on Arctic precipitation 3°H
compared to variability in moisture source and temperature which are more seasonally
consistent (Broadman et al., 2020; Cluett et al., 2021; Dansgaard, 1964; Putman et al., 2017).
To address the second part of this comment, we have modified the wording in this sentence
as follows to clarify that the referenced correlation between apparent fractionation and mean
annual precipitation amount had a lot of scatter in the data points between 30 and ~600 mm
compared to the entire range of mean annual precipitation values in Liu et al. (2023) (Section
4.4, Lines 493-495):

“However, mean annual precipitation amounts in their sampling locations ranged from 30 to
1720 mm, with much more scatter in eapp values in the range of 30 to ~600 mm of mean
annual precipitation (Liu et al., 2023).”

Line 469: Could that be, to some degree, an effect of using the model and it not capturing al
the variability there actually is | precipitation 2H? In figure 2d | noticed quite some elevation
differences, for instance.

Yes, it is possible that some of the actual variability in precipitation 8H is lost by using values
from the OIPC instead of in-situ measurements due to local topography and/or regional
orographic distillation of the site’s moisture sources. However, as we stated in our response to
the previous comment about OIPC uncertainties and in the manuscript, we do not have site-
specific seasonal precipitation isotope data available to use instead. Please see our response
to the referee’s second major question and associated edits (Section 4.4, Lines 495-499).
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