Comments on Stegen et al. ‘Soil CO2 flux across a permafrost transition zone: spatial structure
and environmental correlates’ General perspectives

--- In general the manuscript is clear and well-written
--- In general it is a good experimental design except lack of soil moisture recording
--- In general authors give proper data analysis

Authors addressed spatial heterogeneity of soil C efflux in Alaska permafrost with six 72 m-long
transacts. In general, it is a meaningful study given the unsolved problem on spatial structure of
soil C efflux and the research priority of permafrost. My major concern is lack of water condition
monitoring both at temporal and spatial scale for this study. As shown in the method section,
measurements covers nearly a half month both during summer (7.31~8.13) and fall (9.10~9.24).
During this period, the soil water condition might be changed which caused either by rainfall or
evaporation, or both. This is especially important when authors suggest ‘one potential
explanation is that SR associated with thinner ALDs is constrained by relatively high soil
moisture — likely due to facilitation of anaerobic conditions.’

We agree it would have been very helpful to have soil moisture data through space and
time during our SR sampling. Unfortunately this was not logistically feasible. To do so
would have significantly disturbed the ecosystem (e.g., digging a hole to install moisture
probes), thereby undermining our repeated measurements of SR. Following the final SR
measurements we did collect soil cores, however, and found a significant difference in
moisture between the permafrost and permafrost-free spatial domains. As discussed in
section 4.3, this difference is expected due to permafrost impeding vertical water
movement.

Nonetheless, we recognize that the lack of spatiotemporal moisture data is a limitation of
our study. As such, we added a paragraph to the end of section 4.3 that points out this
limitation. It reads: “It should be recognized, however, that we were not able to
characterize moisture patterns through space and time such that our interpretations of
moisture impacts are speculative. In addition, field observations alone are insufficient to
resolve underlying mechanisms leading to the observed thresholding behavior, especially
because multiple environmental variables co-varied in space. In particular, multiple
variables changed across the permafrost-to-permafrost-free transition such that multiple
factors likely contributed simultaneously to the observed thresholding behaviour. We
strongly encourage future manipulative experiments designed to resolve the governing
mechanisms.”

On the other, the most significant finding in the study as suggested by authors is the thresholding
behavior of the soil C efflux (see figure 4). Nevertheless, authors did not provide strong direct
supports to explain this finding instead of providing some possible discussions.

We believe the reviewer is highlighting a fundamental limitation of field observational
studies, which can be used to reject hypotheses, but cannot be used to confidently assign
causality. This limitation applies broadly to field observations, not just our study. The new
paragraph at the end of section 4.3 now indicates the proper level of interpretation.



| suggest author to reduce hypothesis in the introduction section. Some of the hypotheses do not
have strong significance and some of the hypothesis authors did not give explicitly testing
conclusion. Focus on the threshold finding and give solid evidence to support it.

We went carefully through the stated hypotheses and agree that some were too vague to be
useful. We would like to retain a hypothesis-evaluation framework and have edited the
hypotheses to be more direct and more clearly tied to the analyses that were performed.
The stated hypotheses now read: “...we test the following qualitative hypotheses: (i) Given
previous work showing that spatial variability in SR is only weakly related to temperature
and soil moisture (e.g., Song et al., 2013;Yim et al., 2003), we hypothesize that SR will be
predominantly influenced by carbon inputs such that variability in SR throughout the
spatial domain will be best explained by tree-stand variables (e.g., basal area); (ii) Within
the drier, permafrost-free domain we hypothesize that SR will again be best explained by
tree-stand variables, but within the wetter permafrost-associated domain SR will be
decoupled from carbon inputs and will therefore be poorly explained by tree-stand
variables; and (iii) Cold temperatures will fundamentally constrain SR such that we
hypothesize a smaller coefficient of variation and less well defined spatial gradients (i.e.,
weaker spatial structure) in SR under colder temperatures.”

The first two hypotheses were evaluated with our GLS regression analyses and the third
hypothesis was evaluated with our CV and variogram/kriging analyses.

Overall, I would like to recommend it be accepted by BG finally even though some of the points
might need some revision.

Thank you.
Specific points

P1L13-15: I suspect the permafrost depth and tree basal area is highly correlated. Authors could
try to find which one is the major driver and the other is just a correlation.

These two variables are correlated with each other, though there is significant scatter in the
relationship. A linear regression revealed an R.sq of 0.41, indicating that these variables
are not redundant from a statistical perspective. Our GLS modeling was designed to
identify which variables were the most likely to be major drivers. One element of this was
standardizing all the explanatory variables to be z-scores (i.e., mean of 0 and standard
deviation of 1). This standardization allows the regression coefficients in Tables 2-4 to be
directly compared across explanatory variables. Examining these Tables indicates that
across the full spatial domain and within the permafrost domain, basal area is far more
likely to be a driver of SR than is ALD. In the full and permafrost domains (within a given
season) ALD was not significantly correlated with SR (Tables 2,3). Within the permafrost-
free domain, however, the situation was less clear, with ALD and stem density having
similar regression coefficients (Tables 2,3). While ALD is not specifically called out, these
points are discussed in the last paragraph of page 8, which also connects the GLS analyses
to the CV analyses to support the statements in the Abstract referred to by the reviewer.

P1L16-18: be specifying here. Spatial variation and scaling contains a lot of information, please
point out in detail in which aspect or aspects Boreal forests is similar to other biomes.



Specificity has been added. The sentence now reads: “Our analyses further show that
spatial variation (the coefficient of variation) and mean-variance power-law scaling of soil
respiration in our boreal system are consistent with previous work in other ecosystems
(e.g., tropical forests) and in population ecology, respectively.”

P1L18-19: This has been stressed in L13-15.

We believe the reviewer is indicating there is redundancy within the Abstract and refers to
these sentences from lines 13-15: “We also find that within each season tree basal area is a
dominant driver of soil respiration regardless of spatial scale...”

And lines 18-19: “Comparing our results to those in other ecosystems suggests that
temporally-stable features such as tree stand structure are often primary drivers of spatial
variation in soil respiration.”

It is true that both sentences call out the influence of trees on SR, but in our opinion they
convey different information. In the first sentence we refer only to a result from our field
system, which specifically calls out basal area. In the second sentence we place that result in
context of other ecosystems, and point more broadly to the influence of ‘temporally stable
features.’ In this case tree stand structure, which includes more than just basal area, is only
one example of a feature that is relatively stable through time.

Given these differences, we would like to retain both sentences as they are.

P1L19-20: If remote sensing implication presented in the abstract, it is better to show it in
discussion.

We feel this is an important implication, but one that is also relatively simple and
straightforward. As such, we included only a brief statement related to remote sensing in
the Discussion. It is at the top of page 9 and reads: “Furthermore, if spatial variation in SR
is broadly influenced by tree-stand structure, it suggests an opportunity to use remote
sensing techniques to characterize stand structure (van Leeuwen and Nieuwenhuis, 2010)
and, in turn, the spatial structure of SR in boreal and other high-latitude ecosystems
(Kushida et al., 2004).”

More could certainly be said, but we feel the sentence we provide captures the most
important point and it is not clear to us that adding additional text will contribute
additional insights.

P2L.23-24: the range here might be related to sampling scale and is not comparable here.

We agree and have added a sentence near the bottom of page 2 to reflect this. This set of
sentences now reads: “Previous work in forests has revealed that SR spatial
autocorrelation occurs across a broad range of length scales (referred to as the ‘range’ in
variogram models), from <1m to >40m (Foti et al., 2014;Russell and VVoroney, 1998;Song et
al., 2013;Singh et al., 2008;Rayment and Jarvis, 2000), but none of these estimates come
from boreal forests. In addition, among-study variation in the length scale of spatial
autocorrelation may be partially due to differences in the spatial scale of sampling. It is



therefore difficult to generate quantitative a priori expectations for the parameters of SR
variograms (functions that describe spatial continuity or variability) in our study system.”

P2L30: weak spatial structure or weak heterogeneity?

This has been clarified with the revision of our hypotheses and now reads: “(iii) Cold
temperatures will fundamentally constrain SR such that we hypothesize a smaller
coefficient of variation and less well defined spatial gradients (i.e., weaker spatial structure)
in SR under colder temperatures.”

P2L33: I am wondering why not including soil moisture during field work even if authors want
to test the idea that soil moisture play slight role in driving spatial pattern of soil C efflux.

The reason is that soil moisture measurements would have been very disruptive given the
need to obtain an integrated measure throughout the soil column. We worked very hard to
minimize disturbance to the sampled locations to enable sampling across seasons. As
discussed above, we do have soil moisture data that show significant differences between
the permafrost-associated and permafrost-free spatial domains.

P3L16: How long will it last before measurements but after collar installed. You know, there will
be certain kind of disturbance to soil when a soil collar insert to a depth of 5 cm. It might cut
some of the surface root and may change soil structure.

Soil collars were installed before the Summer sampling and remained in place for the Fall
sampling. The minimum time between installation and measurement was 2 days, this
information is now provided at the bottom of page 3. Soil respiration was measured in
most soil collars in both seasons, providing an opportunity to evaluate any systematic bias
introduced by the shorter time-for-recovery in the Summer season. If the shorter time-for-
recovery in the Summer decoupled soil respiration from factors governing its spatial
structure, we would expect a poor correlation between Summer and Fall soil respiration
measured in the same soil collar. In contrast, we found a strong correlation between the
two seasons, which indicates that the shorter time-for-recovery in the Summer did not
mask the primary drivers of soil respiration.

P3L32: How air and soil temperature was measured? Which sensor was used? How it collected?

At the top of page 4 we added the following text that describes these measurements: “For
temperature measurements we used an analog thermometer at the time of sampling for
each soil collar. For air temperature we shaded the thermometer to avoid elevating the
temperature due to solar inputs. For soil temperature, we placed the thermometer’s stem
into the ground to the specified depth.”

P4L19: in examine soil C efflux spatial pattern vary across season, authors might be better
provide some basic information on forest phenology, i.e. leaf area index or normalized
vegetation index from satellite. This is important when authors suggest carbon input by forest
have strong impact on soil C efflux. Soil C efflux is the sum of soil heterotrophic respiration and
respiration that contributed by plant root. During the summer period, root respiration might be a
large proportion in total Soil C efflux.



A very interesting idea, we thank you for the suggestion. We looked into NDVI data that
are publically available (MODIS, https://modis-land.gsfc.nasa.gov/vi.html) and found the
highest spatial resolution to be 250m. Our field domain was ~75m and spans strong spatial
gradients in balance between deciduous and coniferous trees. A time series of remotely
sensed NDVI could potentially give a rough idea of forest phenology, but the pattern will be
very difficult to interpret given the mismatch in scale and unknown mixture of
deciduous/coniferous trees across the whole 250m pixel that would contain our field site.

On the other hand, we observed first-hand that during our Fall SR measurements the
deciduous trees were in dropping their leaves, which happens very quickly in our field
system. We did not quantify this dynamic, but there is no question that the deciduous trees
were shutting down metabolically during our Fall sampling.

We find it very interesting that despite the seasonal shift in tree physiological status, there
was consistency in the primary driver of SR. Specifically, we found that tree basal area was
consistently the best predictor of SR across the full and permafrost-associated spatial
domains. Furthermore, in the permafrost-free spatial domain there were 3 significant
variables in the Summer and all 3 were also significant in the Fall, though the relative
magnitudes of their regression coefficients were shifted.

On the other hand, between the two seasons there was a shift in how strongly SR increased
moving from the permafrost domain into the permafrost-free domain (see Figure 5). We
inferred that lower temperatures in the Fall led to this weaker spatial structure in the Fall.
However, the change in spatial structure may also be due to a larger decrease in the
contribution of root respiration in the permafrost-free domain, which is dominated by
deciduous trees. Even if we had perfect NDVI data we could not parse the relative
contributions of thermal constraints from shifts in the contribution of root respiration. To
do so would require SR measurements from root-excluding soil collars paired with SR
measurements from non-excluding soil collars. That is a very interesting direction to
pursue, but was far beyond the scope of what we could accomplish.

Given that lower temperatures and shifts in tree physiology could both have contributed to
weaker spatial structure in the Fall, we added modified the text in the 1* paragraph of
section 4.4. It now reads: “These patterns indicate that SR has much weaker spatial
structure during colder periods and across permafrost-associated spatial domains. There
are a number of mechanisms potentially contributing to these observed patterns. For
example in the Fall, colder temperatures may place an upper constraint on microbial and
root respiration, and senescence of deciduous leaves—which occurred during our Fall
sampling—may indicate decreases in root respiration in the deciduous-dominated
permafrost-free spatial domain. Both mechanisms could lead to weaker spatial structure
and we look forward to future studies that parse their relative contributions, potentially
using root-excluding soil collars. The spatial structure of SR in the permafrost-associated
domain may be further influenced by high soil moisture placing an upper constraint on
microbial respiration in soils with a thin ALD.”

P9L17-30: I am not so convinced by the explanation on the threshold finding. Not only because
there lack the soil moisture data, but also other variables, such as soil temperature, aboveground



vegetation change dramatically in space at the same time. Soil temperature and total basal area
have some major influence on causing the pattern (Table 3 and table 4).

This is related to previous comments and as noted above, we editing the end of the
associated section (4.3) to indicate the appropriate level of interpretation and caution. For
reference, the edited text reads: “It should be recognized, however, that we were not able to
characterize moisture patterns through space and time such that our interpretations of
moisture impacts are speculative. In addition, field observations alone are insufficient to
resolve underlying mechanisms leading to the observed thresholding behavior, especially
because multiple environmental variables co-varied in space. In particular, multiple
variables changed across the permafrost-to-permafrost-free transition such that multiple
factors likely contributed simultaneously to the observed thresholding behaviour. We
strongly encourage future manipulative experiments designed to resolve the governing
mechanisms.”

P10L5-10: The absolute value of soil C efflux is higher in the summer than that in the autumn. It
is might be one of the reasons to find higher heterogeneity in summer.

We agree and feel that this is another way of stating our interpretation that lower
temperatures in the Fall constrained soil respiration to low rates such that other spatially
structured variables had less influence in the Fall.

P17Figure 3: This figure might could be moved to support material.

We prefer to retain this figure in the main manuscript because it offers a bridge to a body
of literature—specifically, population ecology—that we feel has insights to offer SR studies
(and vice versa).



