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Reviewer 2 

The manuscript “Forest Diversity and Environmental Factors Shape Contrasting Soil-
Litter BVOC and Methane Fluxes in Three Central Amazonian Ecosystems” presents an 
extensive data set of surface gas (BVOC, CH4, and CO2) measurements across three 
forest types in the Amazon rainforest alongside a wide range of environmental, chemical, 
and microbial measurements. The data are valuable, rare, and were certainly collected 
with a tremendous amount of effort. The manuscript needs additional methodological 
clarification and organization/streamlining to clarify and highlight the findings. More 
information about the amount and type of litter contributing to the fluxes is crucial. This 
work will provide important new information to the scientific community. 

We truly appreciate the reviewer’s comments and the time dedicated to making important 
suggestions and comments that have greatly contributed to improving our manuscript.  

 

Major comments 

Nature of the soil and litter fluxes:  

It’s unclear in the abstract (e.g., L27) and introduction whether this paper will cover flux 
of BVOCs between soil and litter (in which case we need to know the direction so we 
know what uptake or emission means in later parts of the abstract), or their respective 
fluxes with the atmosphere. From the methods, it seems like these measurements are 
‘forest floor’ and include both soil and litter inside the collar and thus represent the net 
soil/litter-atmosphere exchange. This should be clarified early on. 

Yes, this study focuses on the flux from the forest floor - both soil and litter within the 
chamber. These measurements indeed represent the net soil/litter-atmosphere 
exchange. We have rewritten this to make the distinction clearer so that the terminology 
consistently reflects the inclusion of both soil and litter, as well as the direction of the 
fluxes. We modified the text as follows: 

Abstract 

“In this study, we investigated the net soil/litter-atmosphere exchange of BVOCs and 
methane, along with their potential drivers”.  



Introduction  

“This gap is particularly significant given recent evidence that the soil–litter together is a 
compartment that can also play a crucial role in BVOC emissions (Fan et al., 2020, 2024; 
Bourtsoukidis et al., 2018; Peñuelas et al., 2014; Tang et al., 2019).” 

“Together, these processes drive the net ecosystem exchange of BVOCs and GHGs 
between the soil-litter compartment and the atmosphere, and the magnitude and 
direction of this exchange may vary across different ecosystem types.” 

 

Soil vs litter contributions:  

I do not find mention of the amount (mass or surface area) or plant species of the litter 
that was mentioned in the collars. Given the potential for litter emissions of VOCs (and 
maybe even uptake) to overwhelm soil fluxes, it is really important to indicate how much 
litter there was and how much it varied across measurements.  I would suggest adding 
this as a table early on in your results. If these data are not available, this should be 
clearly stated, and some indication of how consistent this is across and within transects 
should be presented. 

We agree that this information is very important, and we realize that the observed fluxes 
(emission or uptake) can be attributed to soil as well as litter fluxes. Unfortunately, at the 
time of this study, we did not measure the total weight of the litter inside the chamber 
collars. While some information is available for upland forests (1.17 t DW ha-1, Luizão et 
al. 2004), no information for the other studied forest ecosystems is known in our region. 
We therefore agree with the reviewer that we need to clarify better that we are measuring 
soil/litter-atmosphere exchange of BVOCs and methane across forest types. We 
therefore suggest the following changes. 

For the revised manuscript, we suggest checking each wording carefully, making sure 
that we use soil/litter-atmosphere fluxes to clarify that we are measuring both. In addition, 
we suggest adding this to the manuscript at the start of the Discussion in 4.2: 

“4.2 Differences in gas fluxes across the different forest types: 

When comparing ecosystem fluxes, it is important to recognize that chamber 
measurements represent the combined (net) flux from both soil and litter. Observed 
differences between sites may therefore reflect variations in the relative contributions of 
soil and litter, for example, due to different amounts of litter. Because our measurements 
do not allow us to separate these sources, we cannot determine to what extent the 
observed differences are attributable to each component. Consequently, we treat soil 
and litter together as a single compartment in our analysis.” 

 

Organization and streamlining:  

The introduction is missing a motivation for the study. Rather than starting with BVOC 
sources and known drivers, it would be more compelling to motivate why study this at 
all. I suggest adding a big-picture section first which could include your L78-84. Then talk 
about specific sources/processes. Make sure motivation for studying different soil/forest 
types is clear, and goes beyond just that the Amazon has different soil/forest types. 
Please work on the flow of the motivating sections. 



We thank the reviewer for the suggestion of adding to the introduction a stronger 
motivation for the study. We restructured the introduction to start with a broader context 
that highlights the comprehensive importance of BVOC fluxes and their implications for 
the climate system, beyond the Amazon.  

Below is a revised version of the Introduction. The main changes are indicated in bold. 

 
 
Biogenic Volatile Organic Compounds (BVOCs) play critical roles across 

scales, from cellular processes to global climate regulation. While primarily 
emitted by plants, BVOCs can also be produced and consumed by soils, litter and 
microorganisms. Once released into the atmosphere, they actively participate in 
atmospheric chemistry and physics, influencing climate dynamics. BVOCs react 
with key atmospheric oxidants—including hydroxyl radicals (OH), ozone (O₃), and 
nitrate radicals (NO₃)—to form secondary organic aerosols (SOAs) (Artaxo et al., 
2022; Yáñez-Serrano et al., 2020). SOAs, in turn, have a major influence on cloud 
properties, enhancing cloud condensation nuclei (CCN) concentrations, which 
impacts precipitation patterns and alters cloud lifecycles (Liu and Matsui, 2022). 
Depending on their chemical composition, SOAs can also influence the Earth’s 
radiation budget by scattering incoming solar radiation (resulting in a cooling 
effect) or absorbing outgoing longwave radiation. Additionally, BVOCs contribute 
to the formation of tropospheric ozone—an important greenhouse gas and a major 
air pollutant (Vella et al., 2025). Given these large-scale impacts, accurately 
quantifying BVOC fluxes in terrestrial ecosystems is essential for advancing our 
understanding of forest–atmosphere interactions and for improving Earth system 
models—thereby improving climate predictions. 

Global emissions of BVOCs from terrestrial vegetation are estimated at 
approximately 760 Tg C yr⁻¹, with isoprene (C₅H₈) and monoterpenes (C₁₀H₁₆) 
accounting for around 70% and 11% of these emissions, respectively (Tripathi et 
al., 2025). Isoprene is a simple building block compound emitted in large 
quantities, particularly by tropical forests, whereas monoterpenes—such as α-
pinene, β-pinene, and limonene—are structurally more complex (Guenther et al., 
2012; Gomes Alves et al., 2016). The Amazon rainforest alone contributes about 
40% of global BVOC emissions, playing a critical role in the global carbon cycle 
(Guenther et al., 2012; Wang et al., 2024; Tripathi et al., 2025). However, these 
global estimates primarily consider emissions from plants, neglecting potential 
contributions from soil and litter, which might also include a large variety of BVOC 
chemical species. This gap is particularly significant given recent evidence that 
the soil–litter together is a compartment that can also play a crucial role in BVOC 
emissions (Fan et al., 2020, 2024; Bourtsoukidis et al., 2018; Peñuelas et al., 2014; 
Tang et al., 2019). Within this compartment, multiple biological and physical 
processes influence BVOC dynamics. These include plant-related processes such 
as intra- and inter-organism communication, herbivore defense, and symbiotic 
interactions (Gfeller et al., 2013; Lin et al., 2007; Rasheed et al., 2021; Steeghs et 
al., 2004; Tang et al., 2019; Trowbridge et al., 2020). Additionally, soil 
microorganisms produce and consume BVOCs for communication and ecological 
interactions (e.g., defense and competition), with these compounds also being 
released as residual metabolic products (Isidorov & Jdanova, 2002; Leff & Fierer, 
2008; Liu et al., 2024; Monard et al., 2021. 

Greenhouse gases (GHGs), such as methane (CH₄), carbon dioxide (CO₂) 
and nitrous oxide (N₂O) are also produced and consumed by soil microorganisms 
through key metabolic processes, including methanogenesis, methanotrophy, 



and respiration (Conrad, 2009; Hofmann et al., 2016). While CO2, but also methane, 
are not classified as a BVOC, they play a crucial role in the overall gas exchange 
and are included in this study alongside BVOCs to provide a broader perspective 
of soil-litter gas (carbon) fluxes. This inclusion is also important because 
environmental factors such as soil moisture, temperature, and nutrient availability 
influence both BVOC and GHG fluxes, albeit through distinct-but interconnected-
biological and physical mechanisms (Greenberg et al., 2012; Tang et al., 2019; 
Asensio et al., 2007). These interconnected processes drive the net ecosystem 
exchange of gases between the soil-litter compartment and the atmosphere, 
making methane and CO₂ key components for understanding processes driving 
BVOC flux dynamics. 

These GHGs and BVOCs can also be linked to litter decomposition. In the 
litter decomposition process, physical factors, such soil moisture, temperature, and 
nutrient availability greatly affect microbial activity that drives these fluxes (Greenberg et 
al., 2012; Tang et al., 2019; Mäki et al., 2017; Asensio et al., 2007). N2O can be produced 
and consumed by soils through microbial nitrification and denitrification processes 
(Butterbach-Bahl et al., 2013; Snyder et al., 2009). These microbial processes, like those 
affecting other soil gases, are strongly influenced by environmental factors such as soil 
moisture, temperature, and nutrient availability (Saggar et al., 2013; Butterbach-Bahl et 
al., 2013). Together, these processes drive the net ecosystem exchange of BVOCs and 
GHGs between the soil-litter compartment and the atmosphere, and the magnitude and 
direction of this exchange may vary across different ecosystem types.  

The Amazon Basin is a mosaic of diverse forest types (Oliveira-Filho et al., 
2020), each with distinct plant species compositions (Ter Steege et al., 2013), 
shaped by the region’s highly variable soil properties (Quesada et al., 2011; 
Quesada et al., 2012). Although Amazonian heterogeneity is known to play a 
critical role in regulating biogeochemical cycles, comparative studies across 
forest types—especially at the soil–litter interface—are still scarce. Distinct 
interactions between vegetation and soil can lead to highly variable patterns of 
BVOC and GHG exchange, making forest type-specific measurements essential 
for accurately representing the Amazon in atmospheric budgets. This lack of 
representation underscores the urgent need for studies that account for the 
region’s ecological diversity to better capture the unique contributions of each 
forest type to biogeochemical processes. Quantifying this variability is key to 
improving both regional and global models, as gas fluxes are unlikely to be 
uniform even within the Amazon 

To address these gaps, we investigated soil-litter BVOC (acetaldehyde, 
methanol, m/z 42, dimethyl sulfide, isoprene and monoterpenes) and GHG (CH4 and 
CO2) fluxes, soil and litter nutrient content and microbial biomass, and soil temperature 
and moisture from three forest types in central Amazonia: (i) ancient river terrace forest 
- a forest that was flooded in the past and is no longer flooded due to changes in the river 
course (paleoigapó); (ii) white sand forest (locally called campinarana) - a less common 
forest type that occupies about 5% of the Amazon basin (Adeney et al., 2016); and (iii) 
upland forest (locally called terra-firme) - the most common forest in Amazonia, with the 
highest plant species richness (Emidio et al., 2016; Luize et al., 2018). We aimed to 
answer the following questions: (i) what is the emission/consumption of BVOCs, CO2, 
and CH4 in magnitude and chemical diversity, and; (ii) what are the main drivers of soil-
litter gas exchanges across these three forest types in central Amazonia (specifically, 
soil moisture and temperature, nutrient content, and microbial biomass from soil and 
litter)?” 

 



  

The results section could be more intentional about highlighting data that are most 
important in explaining the observed patterns. Other data could be moved to the 
supplement. For example, it would help to have the authors summarize and integrate the 
main findings in terms of potential drivers of gas fluxes. Listing the results in Tables 4-6 
for each site is a bit overwhelming for the reader. These could be moved to the 
supplement or somehow combined and summarized. This is alluded to in L467-470, but 
I think the authors could also be more selective with the variables presented in figures 
and tables in the main text if they are not central to the findings and instead have them 
in the supplement. The role of the transects is not clear until section 3.3 where they are 
shown in terms of spatial variability. It would make more sense to me to present these 
results early on, alongside the site averages. I assume that this variability is considered 
in the comparison with the environmental, chemical, microbial data anyway. This would 
help reveal that there is a strong transect effect at WS likely driven by soil moisture earlier 
rather than later in the results.  

 

Regarding the tables (Tables 4–6), our initial goal was to include the full dataset in the 
main text to provide comprehensive information, as we believe these data could be 
valuable for other researchers in the field. However, we understand that presenting such 
detailed tables in the main text may overwhelm the reader. We agree with the Reviewer's 
suggestion to combine and summarize the data, consolidating all forest types into a 
single, more concise table. We will also try to move some of the detailed results back to 
the supplementary material to streamline the results section and focus on the most 
critical findings in the main text. 

On the role of transects, our initial aim was to first provide an overview of the results, 
highlighting the differences between forest types, and discuss the drivers that could 
explain those differences. After that, we delve deeper into spatial and temporal variability. 
However, we agree with the reviewer that the temporal variability, and in this case the 
differences between transects, was crucial in finding the effects of external factors, such 
as the rain event and the soil moisture. We will try to present the aspects of the transects 
clearly and earlier in the Methodology and Discussion. 

 

Regarding the role of the transects, we suggest adding the following to the Methodology: 

 

For each forest type, a PELD-MAUA plot (~1 hectare) (https://peld-maua.inpa.gov.br) 
was selected, within which two 150 m transects were established in homogeneous areas 
characterized by consistent vegetation structure, soil characteristics, and topography to 
minimize spatial variability and avoid pseudoreplication. Along each transect, six 
sampling points were marked at ~30 m intervals, resulting in a total of 36 soil chamber 
measurements conducted on consecutive days; although this design was necessary for 
logistical reasons, it also allowed us to examine the influence of external factors beyond 
forest-type differences. Chamber-based methods (Section 2.3; Fig. 1) were used to 
quantify in situ fluxes of CO₂, CH₄, and BVOCs from the soil–litter compartment, and 
three blank chambers with sealed collars were deployed per transect to account for 
background signals and potential chamber interferences (Fig. 2b). 

 

https://peld-maua.inpa.gov.br/


For the Discussion, we suggest to merge 4.4 (spatial and temporal variability) with 4.3.1  

4.3.1 Soil moisture and soil temperature as drivers of soil and litter gas fluxes 

“While efforts were made in this study to minimize the effects of spatial and temporal 
variability, it is important to consider that external factors inevitably influenced our results. 
For example, while transects were measured at the same time (08:00–10:00 am, local 
time), they were measured on different days under different weather conditions. This 
allowed us to assess the effect of external factors (e.g., soil moisture and temperature) 
on gas fluxes within the same forest type. Soil temperature and moisture were found to 
be significant drivers for most gases, which agrees with what has been observed in other 
ecosystems (Trowbridge et al., 2020; Pugliese et al., 2023; Liu et al., 2024). For example, 
Pugliese et al. (2023) observed that rainforest soils acted as net BVOC sinks under moist 
conditions and as net BVOC sources under dry conditions. In the upland forest, we 
observed a similar pattern as Pugliese et al (2023), with the wetter transect showing 
BVOC consumption while the drier transect showed emissions. The white sand forest 
showed even stronger inter-transect differences, with high BVOC emissions observed in 
the wetter transect, and low emissions and uptake observed in the drier transect. We 
expect that the heavy rainfall, which occurred just before the measurement of transect 
2, had a strong impact on the BVOC emissions.  Bourtsoukidis et al. (2018) also found 
that sesquiterpenes emissions from upland forest soils in the dry season (after a rain 
event) were comparable to those from vegetation, suggesting that soil moisture is a 
crucial factor influencing sesquiterpenes emissions from Amazonian soils. As we 
observed substantially high isoprene, monoterpenes, and acetaldehyde emissions in 
transect 2 of the white sand forest, we argue that these observed BVOC emissions 
represent a burst induced by the preceding rainfall event, similar to the observed 
increase in BVOC emissions during and immediately after rainfall in a Ponderosa pine 
plantation (Greenberg et al., 2012). Likewise, Jardine et al. (2016) observed a peak in 
DMS soil emissions after rainfall. Therefore, higher emissions are expected to result from 
the interlinked effects of soil temperature and moisture, and as described above, the 
possible physical effects of rainfall (Miyama et al., 2020). In addition to temporal 
variability, a strong spatial variability needs to be considered within and between 
transects. For example, the complex terrain in each ecosystem can affect local hydrology 
and water drainage patterns on a small scale. This highlights the inherent complexity 
and heterogeneity of soil–litter gas exchange with the atmosphere, especially when both 
spatial and temporal variability are considered.” 

 

The discussion should be organized around major topics (xxxxxnot order of results 
presented or analyses) and streamlined significantly. For example, rather than 
summarizing results by analysis in the discussion (e.g., separate section on PCA in L550 
where you are repeating methods and results) I would summarize by major findings and 
discuss across your results. Try to remove repetition in the discussion with respect to 
your moisture and temperature results. Also, you relate isoprene emissions to microbes 
in two sections, and you could organize to discuss that in one location only. 

We appreciate the reviewers' comments and also recognize that we are repeating certain 
discussion points at different locations in the manuscript. Regarding the moisture and 
temperature results, we have eliminated the redundancy and streamlined the discussion 
on these topics, as you can see in the newly suggested text of 4.3.1, which was posted 
here before as part of the review. 

We also agree that we need to remove the PCA and LM as separate sections, and we 
suggest discussing them now together in 4.3 ‘Drivers of Soil and Litter Gas Fluxes’. 



Furthermore, we suggest centralizing the discussion around isoprene and micro-
organisms, and have merged all references to isoprene emissions and their potential 
links to microorganisms into a single cohesive discussion within 4.3.2 Forest type-
specific drivers of soil and litter gas fluxes. Below we show the newly suggested text 
for 4.3.2: 

4.3.2 Forest type-specific drivers of soil and litter gas fluxes 

We observed that drivers of soil and litter gas fluxes varied across forest types, reflecting 
their unique environmental conditions and nutrient dynamics. Here, we focus on the key 
factors influencing gas fluxes—soil nutrients, microbial biomass, and their interactions 
with environmental conditions. 

Potassium, carbon, and phosphorus emerged as significant drivers of gas fluxes, 
often varying in their influence across forest types. For the ancient river terrace and 
upland forests, potassium was identified as a significant predictor for fluxes of methanol 
and monoterpenes, and for m/z 42 fluxes in the upland forest. Although potassium's role 
in BVOC and GHG fluxes remains underexplored, its availability is crucial for plant 
growth and metabolism (Wang et al., 2013), which could indirectly influence BVOC 
production through changes in plant and microbial physiology (Mazahar and Umar, 
2022). In the upland forest, methane consumption fluxes were well-correlated with soil 
carbon, in conjunction with soil moisture. This is consistent with the role of soil organic 
carbon in supporting methanotrophic bacteria responsible for methane oxidation (Lee et 
al., 2023). 

Phosphorus, another essential nutrient, significantly influenced BVOC fluxes, 
particularly for methanol in the white sand forest. This forest type often experiences 
extreme nutrient limitation and environmental stress. Phosphorus availability can alter 
BVOC production both directly in plants (Ndah et al., 2022) and indirectly by modifying 
soil pH and microbial health (Stotzky et al., 1976; Liu et al., 2024). Interestingly, higher 
isoprene emissions were associated with lower phosphorus levels, suggesting a 
potential phosphorus limitation in the white sand forest. This observation aligns with 
studies linking nutrient balance (e.g., high nitrogen relative to phosphorus) to enhanced 
emissions of BVOCs like monoterpenes and sesquiterpenes (Llusià et al., 2022). While 
the exact mechanisms for isoprene remain unclear, our findings suggest that the 
interaction between nitrogen, phosphorus, and BVOCs require further exploration, 
particularly in phosphorus-limited tropical systems. 

Microbial biomass was a significant driver of nearly all gas fluxes in the upland forest, 
except for methane and isoprene. Previous studies have demonstrated the critical role 
of microbial biomass in soil gas emissions (Leff & Fierer, 2008; Lamers et al., 2013; 
Mancuso et al., 2015; Azevedo et al., 2024). For example, dimethyl sulfide (DMS) 
emissions in Amazonian soils are linked to microbial degradation of organic matter, 
which often occurs in saturated or anaerobic environments (Jardine et al., 2015; Lehnert 
et al., 2023). This was evident in the white sand forest, where wetter transects with lower 
oxygen availability exhibited high DMS emissions, likely driven by anaerobic microbial 
processes. Conversely, drier transects, such as those in the upland forest, showed DMS 
consumption, which may result from microbial uptake of carbon in DMS as an energy 
source (Eyice et al., 2015). 

Although microbial community data were unavailable in this study, our findings highlight 
the dual role of microorganisms as both producers and consumers of BVOCs and sulfur 
compounds, underscoring the complexity of soil flux dynamics. Several studies have 
linked microbial diversity to BVOC emissions, suggesting that changes in microbial 
abundance and activity can both amplify and suppress volatile fluxes (Abis et al., 2020; 



Saunier et al., 2020). For example, some bacteria, such as Proteobacteria, 
Actinobacteria, and Firmicutes, are capable of producing isoprene under stress 
conditions (Kuzma et al., 1995; McGenity et al., 2018). Although specific microbial 
pathways were not examined here, the observed patterns in upland and white sand 
forests reinforce the influence of microbial biomass and community composition on 
BVOC emissions. 

Our results highlight the distinct and interconnected roles of soil nutrients and microbial 
processes as key factors influencing soil and litter gas fluxes across contrasting 
Amazonian forest types. Specifically, potassium and carbon were prominent drivers in 
the ancient river terrace and upland forests, likely reflecting their relatively nutrient-rich 
soils and plant-microbial interactions. In the white sand forest, where extreme 
environmental variability and lower nutrient availability are characteristic, phosphorus 
and microbial activity in sulfur cycling emerged as crucial drivers. These findings 
underscore the importance of integrating microbial analyses into gas flux studies to gain 
deeper insights into the complex interactions between soil processes, microbial 
communities, and atmospheric emissions in Amazonia. Therefore, future research 
combining soil nutrient manipulations, microbial community profiling, and gas flux 
measurements will be critical to unraveling these dynamics and predicting how forest 
gas fluxes may respond to environmental changes.” 

Flux results:  

Fluxes and their averages should be reported with associated uncertainty. It would be 
helpful to update the flux figures (3 & 8) in a way that makes it possible to see the fluxes 
of Up and AR sites in cases where the axes are overwhelmed by WS.  

Regarding the uncertainty, we realize that this is not stated in the Material and Methods. 
Typical PTR-MS uncertainties are within 10–20% for compounds calibrated with gas 
standards (Yañez-Serrano et al., 2021). Since there were machine performance issues 
during this work, we decided to work with somewhat higher uncertainties to take a 
conservative stance and to ensure that potential effects of instrument performance are 
adequately captured. More details about how we evaluated the error of the PTR-MS 
concentration, and how it will be stated in the revised manuscript, are given later in this 
review. 

Regarding your specific question, we have chosen not to include the propagated 
uncertainty in the figures, since it reduces the clarity of the figures. However, we agree 
with the reviewer that Figures 3 and 8 can be improved. We propose replacing Figure 3 
with the figure below with a double axis. This way, it is easier to note the flux magnitudes 
of the Upland and Ancient River Terrace Forest. 

 



 

For Figure 8, we had broken the axis so that upland and ancient river terrace forest would 
be more evident. However, following your recommendation, we created new plot with a 
zoom on these forest types:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Minor comments 

L24-26: This sentence reads awkwardly; suggest revising. 

We agree, and we propose to rephrase the sentence as follows: 

 
“Recent studies suggest that the carbon-rich soil-litter compartment plays a significant 
role in gas fluxes. However, the drivers, variability, and magnitude of these fluxes across 
different forest types remain poorly understood. This is particularly notable in the Amazon 
rainforest, the world’s largest source of BVOCs, where measurements remain scarce.” 

 

L27: It’s unclear whether this paper will cover flux of BVOCs between soil and litter (in 
which case we need to know the direction so we know what uptake or emission means 
in later parts of abstract), or their respective fluxes with the atmosphere. Please indicate.  

The paper covers BVOC exchanges between soil-litter together and the atmosphere, 
including emission or uptake.  

We suggest rephrasing this in the abstract as follows:  

In this study, we investigated the net soil-litter gas exchange of BVOC and methane, 
along with their potential drivers—including nutrient content, microbial biomass, soil 
temperature, and moisture—across three forest types in central Amazonia: white sand 
forest (WS), upland forest (UP), and ancient river terrace forest (AR). 

L30-33: Unclear whether the summarized results are referring to both soil and litter 
fluxes. 

We understand the confusion and suggest rephrasing it in the text as follows: 
  

“Our results showed distinct soil-litter gas exchange patterns across the forest types. The 
white sand forest (WS) exhibited both high emissions and consumption of gases, notably 
high acetaldehyde and methane emissions, along with strong uptake of isoprene and 
monoterpenes. The upland forest (UP) showed lower overall fluxes, with moderate 
emissions and consumption of dimethyl sulfide (DMS), isoprene, and acetaldehyde. In 
contrast, the ancient river terrace forest (AR) presented no significant fluxes. ” 

L33: Of the variables tested, the models suggest these were strongest drivers.  

We suggest rephrasing it as follows:  

“Among the variables tested, the models indicated that soil moisture and temperature 
were the strongest drivers of fluxes in WS, whereas microbial biomass was the main 
driver in UP.” 

 

L44: Are they a compartment together or each a compartment? 

We realize that the meaning of this sentence is not clear. With this sentence, we referred 
to soil and litter as one combined compartment. In our rewritten Introduction, where this 



terminology is better introduced, we have also clarified this sentence, which we suggest 
being like this: 

“The soil–litter together is a compartment that can also play a crucial role in BVOC 
emissions (Fan et al., 2020, 2024; Bourtsoukidis et al., 2018; Peñuelas et al., 2014; Tang 
et al., 2019). ” 

L46: What does essential mean in this context, please be more specific. 

We agree that the term "essential" could be more precise in this context. What we mean 
is that biological processes, such as BVOC release in the soil, are crucial for root-
microorganism interaction, while physical processes, such as deposition, influence the 
storage and exchange of gases with the atmosphere.  

We rephrased:  

“Within this compartment, multiple biological and physical processes influence BVOC 
dynamics”.  

L52: Microbes also consume VOCs as part of their metabolism (not just release).  

We agree, and we suggest rephrasing the sentence as follows:  

“soil microorganisms produce and consume BVOCs for communication and ecological 
interactions (e.g., defense and competition), with these compounds also being released 
as residual metabolic products (Isidorov & Jdanova, 2002; Leff & Fierer, 2008; Liu et al., 
2024; Monard et al., 2021)” 

L53: CH4 is also consumed by microbes in soil. Clarify in the introduction how you are 
considering CH4 alongside BVOCs–is it or is it not a BVOC, and if it is categorized as 
GHG here, why is that important to distinguish? Why are you also measuring CH4 and 
CO2 here? 

We acknowledge this is an important point. Methane is not classified as a BVOC, but 
rather as a greenhouse gas, as considered by the IPCC (Szopa et al 2021). However, in 
this study, we included measurements of methane (CH₄) and carbon dioxide (CO₂) 
alongside BVOCs to provide a more comprehensive understanding of soil–litter carbon 
dynamics. CH₄ and CO₂ fluxes serve as direct indicators of decomposition processes 
and oxygen availability—processes that can be predominantly aerobic (e.g., CO₂ 
production and CH₄ consumption) or anaerobic (e.g., CH₄ production) and often involve 
a complex interplay between the two. While BVOC emissions from the soil–litter layer 
can be linked to decomposition, they are also associated with plant activity, microbial 
interactions, and ecological signaling. By measuring both GHGs and BVOCs, we aimed 
to better capture a broader spectrum of carbon fluxes across forest types and to explore 
potential interactions between the processes driving BVOC and GHG emissions.  

To address this better, we suggest to rewrite this paragraph:  

“Greenhouse gases (GHGs), such as methane (CH₄) and carbon dioxide (CO₂), are 
produced and consumed by soil microorganisms through key metabolic processes, 
including methanogenesis, methanotrophy, and respiration (Conrad, 2009; Hofmann et 
al., 2016). While CO2, but also methane, are not classified as BVOC, they play a crucial 
role in the overall gas exchange and are included in this study alongside BVOCs to 
provide a broader perspective of soil-litter gas (carbon) fluxes. This inclusion is also 
important because environmental factors such as soil moisture, temperature, and 



nutrient availability influence both BVOC and GHG fluxes, albeit through distinct-but 
interconnected-biological and physical mechanisms (Greenberg et al., 2012; Tang et al., 
2019; Asensio et al., 2007). These interconnected processes drive the net ecosystem 
exchange of gases between the soil-litter compartment and the atmosphere, making 
methane and CO₂ key components for understanding processes driving BVOC flux 
dynamics.” 

 

L70: This reference does not demonstrate this for BVOCs. Please make sure the 
sentence makes it clear what you are inferring from this paper. 

We acknowledge that Onwuka 2018 does not directly address BVOCs but rather 
discusses the effects of soil type on gas movement and evaporation in general. After 
restructuring the Introduction, it was decided to remove this sentence completely. 

L73-74: Are there additional references that can support the influence of vegetation? I 
imagine there may be others. It’s not clear how vegetation cover is different from plant 
species referenced in next sentence. Please clarify 

By vegetation cover, we refer to the forest structure, including the density of trees and 
other plant types, and vegetation in the area, which can influence factors such as 
shading, microclimatic conditions, and nutrient input to the soil. On the other hand, plant 
species composition is more specific to the plant species occurring in the area This is 
also important as different species can vary in their contribution to BVOC fluxes, root-
microbe interactions, litter composition, and nutrient pool.  

Based on the input from the different reviewers, we have completely changed the 
structure of the introduction so that this direct statement is not in the revised manuscript. 
However, regarding the influence of vegetation, the following new sentence is suggested 
to be placed in the Introduction: 

“The Amazon Basin is a mosaic of diverse forest types (Oliveira-Filho et al., 2020), each 
with distinct plant species compositions (Ter Steege et al., 2013), shaped by the region’s 
highly variable soil properties (Quesada et al., 2011; Quesada et al., 2012). Although 
Amazonian heterogeneity is known to play a critical role in regulating biogeochemical 
cycles, comparative studies across forest types—especially at the soil–litter interface—
are still scarce.” 

L84: It would be more helpful to cite the specific studies than this review.  

As previously noted, the Introduction has undergone a complete structural revision. 
Consequently, the specific sentence you referred to is no longer present in the revised 
manuscript. However, we fully accepted your recommendation to cite specific studies.  

The following new sentence is suggested to be placed in the Introduction: 

“However, these global estimates primarily consider emissions from plants, neglecting 
potential contributions from soil and litter, which might also include a large variety of 
BVOC chemical species. This gap is particularly significant given recent evidence that 
the soil–litter together is a compartment that can also play a crucial role in BVOC 
emissions (Fan et al., 2020, 2024; Bourtsoukidis et al., 2018; Peñuelas et al., 2014; Tang 
et al., 2019).” 

 



L94: I don’t know that this is a helpful/informative way to start the section: “With a unique 
set of measurements”. It would be more helpful to motivate why the suite of 
measurements was particularly important for answering the questions. 

We agree that the sentence could be more informative and better highlight the relevance 
of the suite of measurements for addressing the research questions. Below is the revised 
sentence: 

“To address these gaps, we investigated soil-litter BVOC (acetaldehyde, methanol, m/z 
42, dimethyl sulfide, isoprene and monoterpenes) and GHG (CH4 and CO2) fluxes, soil 
and litter nutrient content and microbial biomass, and soil temperature and moisture from 
three forest types in central Amazonia: (i) ancient river terrace forest - a forest that was 
flooded in the past and is no longer flooded due to changes in the river course 
(paleoigapó); (ii) white sand forest (locally called campinarana) - a less common forest 
type that occupies about 5% of the Amazon basin (Adeney et al., 2016); and (iii) upland 
forest (locally called terra-firme) - the most common forest in Amazonia, with the highest 
plant species richness (Emidio et al., 2016; Luize et al., 2018).  We aimed to answer the 
following questions: (i) what is the emission/consumption of BVOCs, CO2, and CH4 in 
magnitude and chemical diversity, and; (ii) what are the main drivers of soil-litter gas 
exchanges across these three forest types in central Amazonia (specifically, soil 
moisture and temperature, nutrient content, and microbial biomass from soil and litter)” 

L102: The emission/consumption rates of BVOCs, CO2, and CH4 (rather than gases). 
Check extra and? Here. List the drivers in (ii) that you tested (out of x, y, and z variables, 
what are the main drivers). 

We thank the reviewer for the comment."And?"  was a typographical error that we have 
now removed.  

The sentence was rephrased:  

“ We aimed to answer the following questions: (i) what is the emission/consumption of 
BVOCs, CO2, and CH4 in magnitude and chemical diversity, and; (ii) what are the main 
drivers of soil-litter gas exchanges across these three forest types in central Amazonia 
(specifically, soil moisture and temperature, nutrient content, and microbial biomass from 
soil and litter)?” 

L141: Please make sure soil chamber measurements are described – we don’t know yet 
what these refer to. What are they and what do they measure? I don’t think it’s been 
clarified yet whether this is an in situ study or not, and this should be done before giving 
details on blanks etc. 

We thank the reviewer for the comment and acknowledge that some information is 
missing in this part. We added details about the chamber and the in-situ measurements. 
Below is the revised text: 

 

“For each forest type, a PELD-MAUA plot (~1 hectare) (https://peld-maua.inpa.gov.br) 
was selected, within which two 150 m transects were established in homogeneous areas 
characterized by consistent vegetation structure, soil characteristics, and topography to 
minimize spatial variability and avoid pseudoreplication. Along each transect, six 
sampling points were marked at ~30 m intervals, resulting in a total of 36 soil chamber 
measurements conducted on consecutive days; although this design was necessary for 
logistical reasons, it also allowed us to examine the influence of external factors beyond 

https://peld-maua.inpa.gov.br/


forest-type differences. Chamber-based methods (Section 2.3; Fig. 1) were used to 
quantify in situ fluxes of CO₂, CH₄, and BVOCs from the soil–litter compartment, and 
three blank chambers with sealed collars were deployed per transect to account for 
background signals and potential chamber interferences (Fig. 2b).” 

L146: Using a probe?  

Yes, this sensor for soil volumetric water content can be considered a probe. 

We add the word “probe” in the text.  

“volumetric water content (VWC, %) was measured around the collar five times using a 
probe (AT SMT150, Cambridge, UK), and the average was calculated.” 

L147: What depth of surface soil was collected? 

The collection of surface soil was performed in the organic layer, approximately from the 
first 5 cm of the soil. 

L151: Meaning they were pooled and homogenized? 

Yes. The term mixed samples refers to samples that were pooled together from two soil 
collars and homogenized.  

Here is the revised sentence:  

“Granulometry was determined from pooled and homogenized mixed samples of two soil 
collars.” 

L152: We don’t know what these bag samples refer to. Please give an overview earlier.  

Further details on the methodology are provided in Section 2.3; here, we rewrote to 
describe the sampling bags.  

“Tedlar bags were used to collect gas samples directly from the outlet of the pump 
connected to the chambers, capturing the air for subsequent analysis of BVOCs, CO₂, 
and CH₄.” 

155: I would suggest capitalizing ‘Transect’ and the names of the sites ‘White Sand 
Forest’ etc. as proper nouns. Also ‘Section X’ 

We agree and we corrected the entire text. 

L163: Describe the collar materials and size. How deep were collars placed in soil? What 
does it mean to ‘seal with the surrounding soil’ in L170, please also describe here. Was 
the effective volume 21L including the collars? If not, please give range of volumes with 
collars. 

We recognize the need to provide further details about the collar materials, size, 
positioning, and sealing method. To clarify: 

1. The flux chambers and collars were made of 100% stainless steel with a PTFE-
coated Viton O-ring to ensure a tight seal between the chamber and the collar. 

2. The collars were positioned above the soil and litter layer (O horizon). 
3. What we mean by sealed with the surrounding soil refers to ensuring that the 

collars were gently pressed into the litter and surface soil, and that the soil around 



the chamber was carefully pressed against the collar edges to create a tight seal, 
effectively preventing gas exchange between the inside of the chamber and the 
outside environment,  minimizing any potential leakage. This approach was taken 
because we avoided pressing the collars too deep, as this would damage roots 
and therefore increase BVOC emissions from damaged roots, creating an artifact 
in our measurements.   

4. The chamber and collar system, including the collars themselves, had a total 
volume of 21 L.  

We added this information to the manuscript to provide a clear and complete description. 

“The flux chambers used in this study were produced by the Max Planck Institute for 
Biogeochemistry. The soil chamber, consisting of the lid and the soil collar (Fig. 2a), was 
made entirely of 100% stainless steel, with a total volume of 21 L and a surface area of 
855 cm² (0.0855 m²). Two Teflon inlets were connected to the top of the chamber, and 
inside the chamber was a fan that provided air mixing of the gases in the chamber 
headspace. A PTFE-coated Viton O-ring was positioned at the edge of the collar over 
which the chamber was placed, ensuring a tight seal between the chamber and the 
collar.  

Before gas sampling, each collar was carefully installed in a non-invasive manner by 
gently pressing its edge into the litter and surface soil to minimize disturbance to plant 
shoots and roots. To further ensure a tight seal preventing any potential leakage, the 
surrounding soil was carefully pressed against the outer edges of the collar (Aaltonen et 
al., 2011). This method ensured that the chamber system was effectively isolated from 
external gas exchange. The chamber and collar were sealed together with multiple 
clamps to prevent outside air from entering the chamber during measurements. The 
collars were installed approximately 24 hours prior to sampling.” 

Fig. 2: The teflon line is illustrated with an arrow out. There is an apparently empty fitting 
on the top of the lid. Which of these show the air inlet to the chamber, and could you 
have arrows indicate the direction of the gas flow? The use of arrows to show clamps, 
soil collar, O-ring, etc seem counterintuitive to have the arrowhead point to the label 
instead of the named item. Are the litter and soil positioned above the clamps (entire soil 
collar buried) or could you be more specific about their position within the soil collar and 
the collar’s vertical dimensions in general and wrt the soil? 

Thank you for pointing out the confusing aspect of the figure. We have redesigned the 
chamber figure according to your suggestions. To clarify: the litter and the soil were 
located inside the soil collar, and the soil collar was not buried; the soil collar was 
positioned gently on top of the soil to avoid damaging roots. Surrounding soil was used 
to seal the collar at the edges, following the method of Aaltonen et al. (2011).  



 

 

 

 

How was the blank chamber bottom ‘completely sealed’? Does it matter if the blank and 
soil chambers had different internal volumes because the soil collar was partially in the 
soil?  

The soil and the blank chambers were both used in combination with stainless steel 
collars. The collar of the blank chamber had the same height and diameter as the sample 
collars, but had its bottom fully closed. This was implemented to prevent any interaction 
between the chamber interior and the soil or litter layer. In contrast, the sample collars 
had open bottoms, allowing direct contact with soil and litter, enabling gas exchange to 
be captured. 

The sample collar was not pushed into the soil. Instead, it was gently placed on the soil, 
and the surrounding soil was pressed against the outer edges of the collar. As described 
in the Methods section, this approach follows the paper of Aaltonen et al. (2011) and 
prevents disturbance of the soil due to collar insertion. Because the soil collar was not 
pushed into the soil, the volume remained the same, hence the soil and blank chamber 
have the same volume. 

Consider merging sections 2.3 and 2.4.  

We followed the Reviewer's recommendation, and the section is now as follows:  

“2.3 Flux Chamber Measurements  



The flux chambers used in this study were produced by the Max Planck Institute for 
Biogeochemistry. The soil chamber, consisting of the lid and the soil collar (Fig. 2a), was 
made of 100% stainless steel, with a total volume of 21 L and a surface area of 855 cm² 
(0.0855 m²). Two Teflon inlets were connected to the top of the chamber, and inside the 
chamber was a fan that provided air mixing of the gases in the chamber headspace. A 
PTFE-coated Viton O-ring was positioned at the edge of the collar over which the 
chamber was placed, ensuring a tight seal between the chamber and the collar. To 
further ensure a tight seal preventing any potential leakage, the surrounding soil was 
carefully pressed against the outer edges of the collar (Aaltonen et al., 2011). Multiple 
clamps were used to seal the chamber and the collar together, preventing outside air 
from entering during measurements. The collars were installed approximately 24 hours 
prior to sampling to allow the surrounding environment to stabilize. 

Gas collection took place in December 2021, during the dry-to-wet season transition. 
Tedlar bags (CEL Scientific, Cerritos, CA, USA) were used to sample soil-litter gas fluxes 
(BVOCs, CO₂, CH₄). Before placing the lid on the collar, the chamber was manually 
ventilated to minimize collar-induced CO₂ accumulation. The chamber was then closed, 
the internal fan was turned on, and the lid was sealed with clamps. An air sampling pump 
(GilAir® Plus, Levitt Safety, Ottawa, ON), operated at a flow rate of 500 sccm, ensured 
continuous flow from the chamber outlet. After 20 minutes of chamber closure with 
continuous flow, a sampling bag was connected to the outlet of the Teflon pump, and a 
5 L sample was collected over 10 minutes. By the end of the 30-minute process, a total 
of 15 L of air had flowed through the chamber, of which the last 5 L was used for 
subsequent analyses. 

For logistical reasons, measurements were conducted with three chambers 
simultaneously, pairing two sample chambers with one blank chamber, followed by two 
additional sets, resulting in the measurement of six samples and three blank chambers 
per day. Because air was continuously extracted from the chamber headspace by the 
pump, ambient air entered the chamber through one of the two Teflon inlets. This inlet 
consisted of a 2 m long open Teflon tube, fixed approximately 2 m above the ground and 
positioned at the same location for both sample and blank chambers. The setup ensured 
that both chambers (sample and blank) were diluted or affected by ambient air to the 
same degree, minimizing potential biases. 

After sampling, bags were handled carefully to prevent leakage. Potential compound 
losses due to adsorption onto the inner walls or diffusion through the bag material were 
minimized by storing all samples in a dark, stainless-steel box to avoid light exposure, 
and keeping them in air-conditioned lab containers at low temperatures until analysis. All 
samples were analyzed on the same day, within a maximum of 8 hours post-collection, 
following the recommendations of Beauchamp et al. (2008). Gas analysis began with the 
quantification of BVOCs using a proton-transfer-reaction quadrupole mass spectrometer 
(PTR-QMS; IONICON Analytik, Innsbruck, Austria). Subsequent analyses of CO₂ and 
CH₄ concentrations were conducted using a Los Gatos gas analyzer. Each sample bag 
was then used to fill stainless steel cartridges (containing Tenax TA and Carbograph 
5TD adsorbents), which were later analyzed via thermal desorption gas chromatography 
coupled with time-of-flight mass spectrometry (TD-GC-TOF-MS; Bench ToF Tandem 
Ionisation, Markes International, Bridgend, UK). For detailed descriptions of the 
analytical procedures and results, refer to the Supplementary Material, Sections 3 and 
3.1. 

 

L176: The theory/rationale behind the sampling approach should be presented. Clarify 
whether at this volume and flow rate the approach is considered closed/static or flow-



through? The flux chamber would not have been at steady state after 20 mins (10 min*0.5 
LPM = 5 L removed out of 21 L, so headspace had not turned over even once). So was 
the goal to sample gases that had accumulated after 20 mins? Please specify in more 
detail.  

  

We agree with the reviewer that the system has not reached steady state, and for this 
reason, we avoid using this term. Since waiting for a steady state was not feasible under 
these field conditions, we decided to use a static system, wherein the gas accumulation 
was used to calculate the gas flux. The gas sample was collected after 20 minutes and 
filled for 10 minutes. For this reason, we report the gas collection time as 25 minutes. To 
ensure constant conditions during the entire chamber closure, the sample flow was 
initiated immediately after closing the chamber, even while the air of the first 20 minutes 
was not sampled. In addition, blank chambers of the same material and operated under 
identical conditions were used to account for potential effects of the chamber material 
and external factors on flux measurements. This approach allowed us to identify and 
separate possible external and chamber-related influences on the measured flux. 

To clarify this in the manuscript, we suggest the following changes: 

“Gas collection took place in December 2021, during the dry-to-wet season transition. 
Tedlar bags (CEL Scientific, Cerritos, CA, USA) were used to sample soil-litter gas fluxes 
(BVOCs, CO₂, CH₄). Before placing the lid on the collar, the chamber was manually 
ventilated to minimize collar-induced CO₂ accumulation. The chamber was then closed, 
the internal fan was turned on, and the lid was sealed with clamps. An air sampling pump 
(GilAir® Plus, Levitt Safety, Ottawa, ON), operated at a flow rate of 500 sccm, ensured 
continuous flow from the chamber outlet. The flow was initiated immediately after 
chamber closure to maintain constant conditions during measurements. After 20 minutes 
of continuous flow, a sampling bag was connected to the outlet of the Teflon pump, and 
a 5 L air sample was collected over 10 minutes. The same procedure was followed for 
the blank chamber, which was measured under identical conditions. By the end of the 
measurement, we had obtained two bag samples representing air accumulated over 25 
minutes (20–30 min) in each chamber, with the difference between the two bags 
indicating the contribution from soil and litter fluxes.” 

 

Could you have detected gas/BVOC uptake by this method? Please also specify. You 
do report negative flux values – do you trust these as indicating uptake? Please state. 

 

Yes, the method is suitable for measuring both uptake and emission fluxes. The fluxes 
are calculated by subtracting the sample chamber mixing ratio (VMR) from the blank 
chamber mixing ratio (VMRb). When this difference is negative, it indicates a net 
reduction of gas concentrations in the chamber headspace due to soil and litter uptake. 
The use of the blank chamber ensures that any potential (negative) differences in 
concentrations due to external effects are excluded. For this reason, we are confident in 
these findings. 

 

L186: This is the inlet line to the chamber? Please clarify. 



Yes, this line is attached in the chamber. We clarified in the text. 

“Because air was continuously extracted from the chamber headspace through one 
Teflon inlet by the pump, ambient air entered the chamber through the other Teflon inlet. 
This inlet was connected to a 2 m long open Teflon tube, fixed approximately 2 m above 
the ground and positioned at the same location for both sample and blank chambers. 
The setup ensured that both chambers (sample and blank) were diluted or affected by 
ambient air to the same degree, minimizing potential biases.” 

 

Section 2.5. Could you indicate whether this analyzer can be used for high-resolution 
analysis of mass spectra or whether the results are all analyzed at unit mass resolution 
for this study? Do the specific masses need to be chosen in advance, and they are 
chosen at unit mass? If so, how were they chosen? A little background info on this will 
help. 

Regarding the resolution of the PTR-QMS and the selection of specific masses for this 
study. Below are the clarifications: 

High-resolution analysis versus unit mass resolution: The PTR-QMS used in this 
study was operated at unit mass resolution, meaning that detected protonated masses 
(m/z) were analyzed as integral values. The PTR-QMS used in this study does not allow 
for distinguishing between isobaric compounds at the same mass due to its unit mass 
resolution limitation. 

Selection of specific masses and pre-determination: The masses were selected 
based on previous studies investigating soil and litter fluxes, as well as the compounds 
available in the gas standard cylinder used for calibration. Calibrating the PTR-QMS with 
known concentrations of BVOCs was essential to ensure the accuracy and reliability of 
our results. 

L226-241: Much of this section may be better suited to the discussion. I understand that 
it is providing rationale for some of the methods, but it also includes the discussion of 
your results. Reconsider placement.  

We agree that the discussion of the m/z 42 and m/z 63 masses includes interpretations 
that are more appropriate for the discussion section of the article. We have decided to 
relocate this section to 4.2 ("Differences in gas fluxes across the different forest 
types"), where we already detail our observations regarding fluxes for compounds 
related to these masses.   

L252: I would suggest performing a sensitivity analysis to prove this. You could take the 
concentrations from the blank and the dilution information from your flow rate and 
chamber/aboveground collar dimensions and estimate it. 

We have evaluated the influence of the constant inlet/outlet flow on measured gas 
buildup in the chamber. 

For a closed chamber WITHOUT flow, the concentration change (where the calculated 
fluxes are based on) would be act linear: 

C(t)= r(t)*t 

Wherein r(t) is the concentration change per min (concentration min⁻¹), t the time of 
chamber closure (min).  



Now with our camber volume V (21 L) and a constant flow Q (0.5 L min⁻1), the 
concentration change under a continuous flow is 

C(t)= r *   V/Q  * (1- e⁻Qt/V)) 

Solving the bold part of the equation with the given parameters gives: 

C(t)= r* 21.4 

Comparing the 2 chambers with flow gives: 

Chamber change without dilution = 30 r 

Chamber change without dilution = 21.4 r 

Expected Dilution on flux rate r = 1-(21.4/30) = 29% 

In other words, continuous ventilation reduces the concentration increase by only ~29% 
compared with a closed, non-ventilated chamber. This dilution would therefore make our 
flux estimates conservative, reinforcing the conclusion that fluxes from the soil-litter 
compartment can be larger than previously reported. However, to maintain clarity and 
focus on the main findings, and because this effect does not alter our overall conclusions, 
we have chosen not to elaborate further on this point so as not to distract the reader. We 
suggest changing the text as follows: 

 
 
“A dilution effect due to the constant sample flow is expected, which would result in a 
slight underestimation of our fluxes; however, to maintain conservative estimates, we 
chose not to apply a correction.” 

 

L308: Please clarify how you propagated uncertainty to arrive at 3-5 significant figures in 
your flux results. Add a measure of variability / confidence to the reported fluxes (stdev, 
ci, etc) throughout the manuscript. 

Typical PTR-MS uncertainties are within 10–20% for compounds calibrated with gas 
standards (Yañez-Serrano et al., 2021). Since there were machine performance issues 
during this work, we decided to work with somewhat higher uncertainties to take a 
conservative stance and to ensure that potential effects of instrument performance are 
adequately captured. We evaluated the error of the PTR-MS concentration 
measurements as follows: 

The error of PTR-MS concentration measurements consists of a systematic part and a 
statistical part. The systematic error consists of the uncertainty of the calibration gas 
standard (+-5%), the error of the flow measurements (-5%), and the error of the 
calibration slope (different for each compound, see table).  

The statistical error consists of the repeatability of the concentration measurement during 
the calibration routine (see table, different for each compound).  

 

 



  systematic error statistical error 

M/Z  error of slope (Calfaktor) in % precision in % 

Methanol (m33)  14.83 14.37 

m42  52,40 26.17 
Acetaldehyde (m45)  12,52 14.77 
DMS (M63)   18,37 13.72 
Isoprene (m69)  18,22 6.05 
Monoterpenes (m137)  20,38 8.45 

 

Based on these uncertainties, we agree with the reviewer that it is not meaningful to 
report fluxes with 3–5 significant figures. We therefore suggest reducing the number of 
significant figures reported throughout the text. 

To assess the systematic part of the flux uncertainties, we evaluate the effect of the 
systematic error on the flux calculation (see formula for flux calculation below). 

F=dVMR * N * (V / A)*(1/T)  

Since the systematic error (for example, for isoprene, 18.2%) will have the same direction 
for both bags in the bag pair, dVMR will have the same systematic uncertainty (18.2%) 
as the individual bags. Since the systematic error is expressed in a percentage, the 
propagated flux based on the systematic error will remain the same percentage.  

It is harder to propagate the statistical error, since they can be in different directions for 
the blank and the sample bag in the bag pair. Therefore, we first calculated the 
uncertainty of each bag individually and then calculated the root mean square of them 
together. After this, we evaluated whether the absolute bag concentration difference 
(ΔVMR = sample bag − blank bag) is larger than this value. For fluxes that did not meet 
the filter criterion (i.e., ΔVMR was not greater than the combined uncertainty), we 
assigned a value of zero. This indicates that, within measurement uncertainty, these 
fluxes are not significantly different from zero. Importantly, a zero value here represents 
a flux below the detection limit of our combined methods (PTRMS + flux quantification), 
not a complete absence of flux. Assigning zero rather than discarding these data 
preserved the full sample size—essential for model robustness given our limited 
observations—and prevented bias in the average fluxes. 

The table below gives an overview of how many flux measurements passed this filter per 
gas per ecosystem. While for some transects the amount of fluxes above the detection 
limit was limited, it is important to note the following: applying this combined approach 
(filter and zero assignment) resulted in a more robust and less noisy dataset for 
modeling. A comparative analysis of the average fluxes before and after this process 
showed minor changes, indicating that the overall trends in the fluxes remained 
unchanged. More importantly, implementing this method in linear models reinforced the 
main story of our manuscript. Although some individual coefficients or the adjusted R² 
may have been adjusted due to noise removal, the primary conclusions about the drivers 
of the fluxes in each forest type persisted, providing a more solid and reliable basis for 
our interpretations. Here below, we are showing the new chamber plots based on this 
filter approach, which we propose for the revised manuscript. For completeness, we are 
also showing the old figures for comparison. 



         

 

Filtered chambers (new suggested figures for revised manuscript):  

 

 

Without filtered chambers (figures as displayed in Discussion paper): 

 

 

 
Filtered chambers (new suggested figures for revised manuscript):  

 methanol mz42 acetaldehyde dimethyl_sulfide isoprene monoterpenes 

White sand forest 12 9 10 10 12 12 

Upland forest 8 6 6 9 11 10 

Ancient terrace river 9 0 4 8 10 10 



 

 

Without filtered chambers (figures as displayed in Discussion paper): 

 

 

In the manuscript, we suggest to add the following lines to 2.5 (PTR-QMS 
measurements and Los Gatos analyzer measurements) 

“Curves were calculated considering the normalized counts per second as a function of 
the mixing ratio. Previously, some compounds important for soil-litter processes 
(Peñuelas et al., 2014), - such as acetone, ethanol, and formaldehyde - were considered 
for this study, but they did not show a good fit, they were excluded from this work. The 
error of PTR-MS concentration measurements of the 6 presented compounds is 
expected to consist of a systematic part and a statistical part. The systematic error 
consists of the uncertainty of the calibration gas standard (+-5%), the error of the flow 
measurements (+-5%), and the error of the calibration slope (14.8%, 52.4%, 12.5%, 



18.4%, 18.2%, 20.4% for resp. methanol, m/z42, acetaldehyde, DMS; monoterpenes 
and sesquiterpenes). The statistical error is based on the repeatability of the 
concentration measurement during the calibration routine, and was found to be 14.4%, 
26.2%, 14.8%, 13.7%, 6.0%, 8.5% for resp. methanol, m/z42, acetaldehyde, DMS; 
monoterpenes and sesquiterpenes. The systematic error affects both bags in the same 
direction, whereas the statistical error can differ between the two bags in a pair. 
Therefore, to evaluate the uncertainty of the fluxes, we focused on the propagated 
statistical uncertainty, as described below.” 

In the manuscript, we suggest adding the following lines to 2.6 (BVOC & GHG flux 
calculation) 

 

"By subtracting the mixing ratios of a blank chamber, dVMR represents the concentration 
difference attributable solely to soil and litter fluxes, corrected for potential chamber 
effects or the influence of ambient air entering the system. To ensure data reliability, bag 
pairs for which the concentration difference (dVMR) was less than or equal to the 
combined statistical uncertainty (calculated using the Root-Sum-Square method from the 
individual bag uncertainties) were assigned a value of zero. This approach ensures that 
only reliably detected fluxes are considered, while retaining the full sample size for 
modeling purposes. The reported fluxes represent mean values and their corresponding 
standard deviations for the full sample set within each forest type. Propagated 
uncertainty ranges for each individual chamber measurement are provided in the 
accompanying dataset”. 
 
Furthermore, when studying the fluxes of different forest types, we applied statistical 
tests to identify significant differences among them. In response to your feedback, we 
have revised the manuscript to include these statistical measures of variability—
specifically, the standard deviation (SD) and 95% confidence intervals (CI) — for fluxes 
grouped by forest type and transect. For example, average fluxes will now be reported 
as: 
 

L308 "Acetaldehyde emissions showed the most significant differences between forest 
types, with emission averages of 35.87 ± 46.86 mg m⁻² h⁻¹ (mean ± SD) for the white 
sand forest, -0.09 ± 0.02 (mean ± SD) mg m⁻² h⁻¹ for the upland forest, and -0.02 ± 0.008 
(mean ± SD) mg m⁻² h⁻¹ for the ancient river terrace forest." 

 

Fig. 3: The yellow rectangle is not necessary.’ It would be helpful to indicate the ‘zero’ 
line in flux plots. The fluxes for many VOCs for AR and Up are indistinguishable from 
zero in this plot. Could you indicate if they are significantly different from zero, and if so, 
find way to also visualize them? Cases of uptake and emission from these sites are 
mentioned in the results (e.g,. L324, L309), but without quantification and we can’t see 
them on the figures. 

Below, we address each point: 



1. Yellow rectangle: We used the yellow rectangle to distinguish soil moisture and 
temperature data from BVOC and GHG flux results, as we believed it would help 
avoid confusion for the reader. However, we acknowledge that it may not be 
necessary, so we will remove the rectangle. 

2. Zero line in flux plots. We will revise the plot to include a horizontal reference line 
at zero. 

3. Visualizing smaller/negative fluxes: we acknowledge that the relatively high flux 
values for WS have stretched the y-axis scale. This is why Figure 8 includes a 
broken y-axis to emphasize smaller fluxes. Additionally, we will make 
modifications to Figure 3 (as shown above, with double axis) to improve the 
presentation of values closer to zero and negative fluxes, particularly for UP and 
AR, as their fluxes are near zero. 

 

L329-332: This is a discussion point. 

We moved to the discussion (section 4.3). 

Fig. 4 and Fig.5: I would suggest using names (not shorthand) for the figure titles 
(Aluminum instead of al_soil, pH instead of ph_soil). If the caption says soil or litter, you 
don’t need to add to each title. 

We have made these suggested changes. Below you can find the revised Figure 4 and 
revised Figure 5: 

 

Revised Figure 5: 



 

L362: This first sentence should be qualified by saying ‘only for P and for N but only in 
litter. You are not showing significant differences between forest types in most cases.  

Thank you for pointing this out. We suggest the following revision: 

"Microbial biomass (soil and litter), used here as a proxy for microbial activity, showed 
significant differences between forest types only for soil phosphorus, which was higher 
in the white sand forest compared to the ancient river terrace forest (no data available 
for the upland forest). For carbon and nitrogen, significant differences were observed 
only in litter microbial biomass, with the upland forest exhibiting the highest values and 
the white sand forest the lowest. However, for most microbial biomass parameters 
measured across soil and litter, differences between forest types were not statistically 
significant." 

Fig. 7: It would be helpful to construct this PCA for all sites (as shown) but also for each 
site individually. This could help you explore potentially important variables associated 
with forest type or variables within a forest type, and whether they align in the same way 
with the various gases. For this figure, were gas fluxes (or other variables) transformed 
(e.g., center log transformed) in some way to account for any non-normality?  

We confirm that all variables included in the PCA were centered (mean = 0) and scaled 
(variance = 1) before analysis, ensuring that all variables contributed equally to the 
components, regardless of their original scales or units. This standardization method 
automatically accounts for differences in measurement scales or magnitudes across 
variables and reduces any potential distortions caused by outliers or non-normality. 

About the PCAs separated by forest type: After careful analysis, we observed that the 
overall structure of the relationships between variables—such as soil nutrient, litter, and 



gas fluxes—and the proportion of variance explained by the principal components 
remained largely consistent across all individual forest types. For example, the distinction 
between the conditions of the white sand forest and the other two forests (AR and UP) 
was already captured in the combined PCA (Figure 7 of the manuscript), and the 
individual PCAs seem to reaffirm these patterns without introducing significant new 
insights or contrasts in the direction or strength of variable associations.  

 

 

  



 

 

 

L369: This acronym was already defined, and is defined at least 3 times in the paper. 

We removed the definition in this part of the text and the other parts with repetition 

L472-491: It is not clear how these findings (e.g., soil iron) relate to your questions in the 
introduction related to gases. It is not brought up again. I would focus the discussion on 
topics pertaining to the gases. 

We acknowledge that the initial characterization of soil and litter properties may be 
dense, and we understand that its immediate relevance to gas fluxes may not have been 
sufficiently highlighted. However, the soil and litter properties discussed in this section 
are important for understanding the observed gas fluxes, as they serve as significant 
predictors in our linear models (Section 4.3.2, Tables 4, 5, and 6). For example, soil iron 
and phosphorus were indeed identified as drivers for specific BVOC and GHG fluxes. 
But, it is right that although we observed associations between some soil nutrients and 
gas fluxes in our linear models, the mechanisms underlying these relationships remain 
unclear. 

To address your suggestion, we will revise Section 4.1 to more clearly focus the 
discussion on topics pertaining to the gases.  

“Variations in soil and litter properties were observed among forest types, contributing to 
differences in gas fluxes. In the ancient river terrace forest, high potassium and 
phosphorus contents in the litter were identified as predictors of BVOC fluxes, such as 
methanol and monoterpenes. In the upland forest, the dominance of soil iron—resulting 
from intense leaching and organic matter accumulation (Mosquera et al., 2024; Li et al., 
2023)—emerged as a significant predictor of acetaldehyde and isoprene fluxes. 
However, the mechanism underlying the relationship between iron content and 
acetaldehyde and isoprene fluxes remains unclear 

The white sand forest exhibited distinct soil properties that may have influenced the gas 
exchange dynamics. Despite its generally low fertility (Mendonça et al., 2015; Demarchi 
et al., 2022), this forest type displayed unexpectedly high soil phosphorus and carbon 
concentrations. This nutrient profile, particularly phosphorus, was found to be 
significantly associated with methanol and isoprene fluxes in the white sand forest. 
Furthermore, varying iron concentrations (Cornu et al., 1997), along with processes like 
wet-season leaching and redistribution of elements (García-Villacorta et al., 2016; 
Franco & Dezzeo, 1994; Demarchi et al., 2022), illustrate how the specific environmental 
conditions in white sand forests contribute to their distinct BVOC and GHG flux patterns. 
Collectively, these observed differences in soil and litter properties across forest types, 
including nutrient levels and composition, represent important factors influencing the 
unique gas fluxes measured in each ecosystem (García-Villacorta et al., 2016; Gomes 
Alves et al., 2022).” 

 

L498: These references pertain to other sites, right? Please clarify they aren’t references 
to your sites. Could you discuss the potential drivers in terms of your results first, and 



then later you could consider other factors you didn’t measure as other drivers that may 
explain additional variability? 

The references mentioned in this section pertain to other study sites and not to our study 
sites.  

We revised the text and add references from our specific site: 

“The white sand forest exhibited the highest emissions and consumption of BVOCs and 
GHGs, accompanied by the greatest chemical diversity in gas fluxes. This elevated 
chemical diversity likely reflects the distinctive characteristics of the white sand forest, 
including its unique microbiome, strong seasonality, and specialized species 
composition (Adeney et al., 2016; Demarchi et al.,2022).” 

Additionally, while we can discuss the potential drivers first, we intend to provide an 
overall background of the forest types, followed by a discussion of the flux variability 
between forest types, and finally, a presentation of the drivers that may explain and 
predict these fluxes. We believe that this flow allows the reader to first gain an 
understanding of the characteristics of each forest type, then to interpret the fluxes, and 
lastly, to explore the drivers that help explain the observed variability in our fluxes.  

While our study addressed the primary drivers influencing soil fluxes, as highlighted in 
Tang et al. (2019), certain additional factors discussed in the literature could further 
explain variability in emissions but were not measured. 

Biotic Drivers 

Plant species composition could be considered an important driver as it significantly 
influences emission patterns. Different vegetation types produce distinct BVOC profiles; 
for example, Salix arctica-dominated areas emit isoprene, while areas dominated by 
Cassiope tetragona emit monoterpenes (Svendsen et al., 2016). Litter characteristics, 
such as dry weight and density, can also act as important drivers of emissions (Mu et al., 
2020). Additionally, litter age and quality are relevant, as fresh litter decomposes more 
readily than older, more recalcitrant material (Cornwell et al., 2008). This difference in 
decomposition dynamics can influence the temporal patterns of BVOC emissions 
(Svendsen et al., 2016). 

The microbial role is another key driver linked to BVOC emissions. Changes in microbial 
diversity have been associated with higher total emissions but reduced chemical diversity 
(Abis et al., 2020). Root exudates also influence emissions, as microbes rapidly use 
these compounds as carbon and energy sources, directly affecting the rhizosphere 
(Kuzyakov & Larionova, 2005).  

Abiotic Drivers 

While our study included key abiotic variables such as temperature and soil moisture, 
other factors could also play a role. For instance, gas transport in the vadose zone driven 
by changes in atmospheric pressure has been identified as a contributor to flux variability 
(Elberling et al., 1998; Tillman et al., 2003). This advection flux occurs in conditions 
where soil moisture near the surface reduces diffusion, thereby amplifying the 
importance of advection in gas transport (Choi et al., 2002). Despite its relevance, 
advection-driven transport is often overlooked in soil gas transport models (Smith et al., 
2018). 

 



L515: Do you mean soil uptake or soil and litter uptake in your study? Could the 
difference be due to isoprene emission from your litter? Please consider the 
absence/presence of litter when you compare to other studies. Pugliese et al., 2023 also 
reports deposition velocity so you can compare the concentration-independent uptake 
as well and determine whether there a difference persists when you correct for the 
atmosphere. 

In our study, we worked with soil and litter together, and therefore, the uptake 
measurements represent the combined contributions from both components. We did not 
separate the emissions or uptake exclusively from litter or soil, which makes it difficult to 
isolate the specific contributions from each. The suggestion to account for the absence 
or presence of litter when comparing our results to other studies is well taken, and we 
will mention this limitation in the manuscript. 

About the potential influence of isoprene emission from litter on the differences observed 
in our results, this is unlikely to be the reason because dead leaves do not emit isoprene. 
We found one study attributing isoprene emission to microorganisms in the soil 
(McGenity et al., 2018; Murrel et al., 2020), if that is the case in our study, we can suggest 
that microorganisms in soil and litter could be emitting isoprene; still, our results indicate 
uptake by soil and litter. 

About deposition velocity, we cannot calculate it because we do not have atmospheric 
BVOC concentration measurements. Pugliese et al. (2023) calculated deposition 
velocities using the ratio of BVOC uptake rates to their ambient concentrations. However, 
while we are unable to calculate deposition velocities directly, our results demonstrate 
clear evidence of BVOC uptake based on net negative fluxes. This observation aligns 
with other studies, such as Trowbridge et al. (2020), which reported negative fluxes as a 
direct indicator of uptake. Therefore, although we cannot provide concentration-
independent uptake rates as suggested by the deposition velocity approach, the negative 
fluxes measured in our study robustly indicate soil and litter uptake. 

 

L546: I don’t know if attributing to ‘natural variations’ is particularly useful. 

What we tried to express here is that we have a huge spatial variability in the white sand 
forest and this can explain why we have some chambers emitting while others are 
uptaking gases. 

However, we agree with the reviewer that this is not clear, and we propose to rephrase 
the sentence as follows: 

“However, the discrepancy in white sand forest fluxes, with uptake reported in their study 
(-0.38 to -0.25 mg m⁻² h⁻¹) and emissions observed here, can likely be attributed to the 
high spatial variability characteristic of white sand forest ecosystems. This variability is 
strongly influenced by differences in water table depth and soil hydrology (Franco & 
Dezzeo, 1994; Demarchi et al., 2022).” 

L569: Could you expand more on why this may be? Why would the response to soil 
moisture differ in different soil and forest types? 

Soil moisture response varies significantly across Amazonian soil and forest types due 
to differences in soil properties, rooting depth, microbial communities, and climatic 
seasonality (Buscardo et al., 2018; Quesada et al., 2011; Davidson et al., 2012). Soils 
differ in texture and water retention capacity, with sandy soils draining quickly and clay-



rich soils retaining water longer, which affects moisture availability for plants and 
microbes (Quesada et al., 2011; Umair et al., 2025). Rooting depths also vary among 
species and forest types; some Amazon trees access deep soil moisture, especially in 
upland forests, which buffers them from surface drying during dry seasons (Nepstad et 
al., 1994). Different rooting patterns and water uptake strategies lead to divergent 
transpiration (Teuling et al., 2005), influencing how soil moisture dynamics affect soil 
biogeochemical processes (Koch et al., 2019), which can impact gas fluxes. In addiction, 
microbial communities exhibit variable respiration and metabolic responses to drying and 
rewetting cycles, causing spatial heterogeneity in soil emission responses (Hu et al., 
2021; Placella et al., 2012). Climatic variation in the Amazon, like gradients in 
precipitation and seasonality, also impact soil water storage and soil moisture differently 
in each ecosystem (Malhi et al., 2009). Collectively, these factors can explain why soil 
moisture sensitivity varies according to soil and forest type in the region. 

L582: This is not a strong way to conclude your discussion paragraph here. The 
temperature only varied by 2C across all your sites, which is very little. You could 
calculate the sensitivity of expected soil VOC emissions to that temperature change 
based on other papers, and I think it would be small. More than temperature, light 
penetration to the surface may have an effect. Could you discuss this and try to arrive at 
a more specific conclusion even if is just for 1-2 gases? 

In this paragraph, our goal was to emphasize the complex interplay between soil 
temperature and moisture, rather than attributing BVOC flux changes only to 
temperature. We acknowledge that the observed variation in soil temperature across our 
sites (approximately 2°C) is relatively small which, in addition, clouds to what extent we 
can study the direct effect of temperature change. Because temperatures are relatively 
stable in tropical ecosystems, the limited variation that does occur appears to be strongly 
induced by external factors, such as previous rain events affecting soil moisture. This 
strong interdependence between soil moisture and soil temperature was also observed 
by van Asperen et al. (2024) at a nearby field site, who emphasized the difficulty of 
disentangling the effects of soil moisture and soil temperature in tropical environments. 

We like the suggestion to calculate the sensitivity of temperature changes on VOC 
emissions, even only for 1 or 2 gases, based on findings from other studies, and have 
looked for appropriate literature to do so. However, as far as we are aware, no other 
study has studied the direct temperature effects under field conditions on soil VOC 
emissions, and most studies only state tendencies (for example VOC emissions 
increased with temperature, (Trowbridge et al., 2020; Legros et al.,2025; Rinnan et al., 
2020; Monard et al., 2021 ) but don't provide an actual number - Instead, they show 
statistically significant correlations, model effect sizes, or qualitative increases. 

The reviewer raises a second important issue, namely the role of light penetration. In our 
case, while direct light was not available during the measurement itself (opaque 
chamber), it still could influence the local VOC dynamics before the chamber 
measurement. Furthermore, given the unique and heterogeneous canopy structures of 
the forest types studied here, we suspect that differences in light penetration may act as 
another driver of flux variation. Unfortunately, our study did not include measurements 
of light penetration to the soil surface, which limits our ability to evaluate its role explicitly. 

We agree with the reviewer that both raised concerns are important and should be 
addressed better. With regard to temperature, we suggest emphasizing that, although 
our results show a relationship between certain VOCs and temperature, we do not claim 
this to be a direct causal link. Rather, temperature should be viewed as one of several 
interacting factors influencing the complex dynamics of VOC emissions. With regard to 



light penetration, we suggest including this better into the discussion. We suggest the 
following new text: 

For certain BVOC fluxes a positive association with soil moisture and a negative 
association with soil temperature was observed. However, since elevated soil moisture 
frequently coincides with lower temperatures—particularly in tropical ecosystems (van 
Asperen et al., 2024)—it remains challenging to disentangle whether increased fluxes 
are primarily driven by temperature or moisture. This interplay is further complicated by 
the biological nature of BVOC exchange processes, which generally exhibit positive 
temperature dependence. Elevated temperatures can enhance both BVOC emissions 
and biological uptake (Baggesen et al., 2022). If the temperature sensitivity of uptake 
exceeds that of emission, this may result in reduced net emissions or even a net sink for 
BVOCs (Asensio et al., 2007; Peñuelas et al., 2014; Jiao et al., 2023). 

In the present dataset, the temperature range was relatively narrow, precluding clear 
inference regarding direct temperature effects. Consequently, the observed variability 
could reflect natural fluctuations rather than a distinct thermal response. Moreover, 
although radiation was not quantified during the campaign, its potential influence should 
be considered. Despite the use of opaque chambers, the surrounding ecosystem—and 
thus the prevailing BVOC flux dynamics—may still be modulated by incoming radiation. 
Given the heterogeneous canopy structure within and among the investigated forest 
types, spatial heterogeneity in light penetration likely constitutes an additional driver of 
BVOC flux variability. Overall, these results highlight that temperature, moisture, 
radiation, and biological activity are closely linked, and their combined effects on BVOC 
fluxes are difficult to separate under natural field conditions. 

 

In section 4.3.2 please be very clear where the studies you cite are for plant emissions 
of VOCs versus soil or litter studies. I would suggest streamlining this discussion and 
being very clear about how previous work informs the fluxes you observed from soil and 
litter.  

We clarified in the text whether the studies we reference pertain to plant VOC emissions, 
soil VOC emissions, or litter VOC emissions. We revised Section 4.3.2 to explicitly 
distinguish the sources referenced and streamline the discussion. 

Below follows the revised topic of the discussion, in bold is the main corrections: 

“In general, ancient river terrace and upland forests showed many similarities in the 
predictors of certain gases. In contrast, other drivers were found in the white sand forest. 
Here we discuss the observed key drivers (soil potassium, carbon, phosphorus and 
microbial biomass) for each forest type. For ancient river terrace and upland forests, soil 
potassium was a significant factor influencing soil fluxes, being identified as a predictor 
of methanol and monoterpenes. In addition, it was also identified as a predictor of m/z 
42 fluxes in the upland forest. Although we did not find studies directly relating BVOC 
and GHG soil or soil-litter fluxes to soil potassium content, potassium is an essential 
macronutrient for plant growth and metabolism. Its availability is known to affect plant 
physiological processes (Wang et al., 2013), and its cycling within the soil environment, 
often mediated by microbial activity, influences potassium's uptake by plants (Mazahar 
& Umar, 2022). These plant- and soil-mediated processes can, in turn, indirectly 
influence the BVOC production and release observed within the soil-litter compartment 
of our study, by affecting the overall ecosystem health and the quality of organic matter 
available for decomposition. In the upland forest, our methane consumption fluxes 



correlated well with soil carbon (in conjunction with soil moisture, as mentioned 
previously). 

Soil organic carbon is known to play an important role in supporting methanotrophic 
bacteria, which are responsible for methane oxidation (Lee et al., 2023); therefore, we 
suggest that the total soil carbon observed in our study might affect methane uptake 
through a similar process. Phosphorus, like carbon, is a key nutrient in the soil and 
significantly affected BVOC soil-litter fluxes, especially for methanol in the white sand 
forest. The relationship between phosphorus and BVOC emissions is well documented 
for plants since the availability of phosphorus can influence the production and emission 
of BVOCs (Ndah et al., 2022).  

However, some fertilization studies have also shown that increasing soil nutrient status 
(nitrogen, phosphorus, and potassium) can modify pH levels, affecting microorganisms 
and their health state (Stotzky et al., 1976) and directly or indirectly promoting or 
inhibiting soil BVOC fluxes (Liu et al., 2024; Raza et al., 2017). Our findings in the white 
sand forest are consistent with this observation. Interestingly, our results suggested that 
lower phosphorus levels were associated with higher isoprene emissions. The 
mechanisms behind this relationship remain unclear. However, studies on soil 
fertilization in tropical forests by Llusià et al. (2022) found that phosphorus fertilization 
is less efficient than nitrogen fertilization in increasing monoterpene and sesquiterpene 
emissions (they did not find isoprene emissions). They observed that emissions 
increased when the soil was fertilized only with nitrogen—consistent with a phosphorus-
limited system—because excess nitrogen stimulates the enzymes responsible for 
producing monoterpenes and sesquiterpenes. Conversely, the addition of phosphorus 
likely redirected this nutrient toward plant growth, resulting in lower emissions of 
monoterpenes and sesquiterpenes in the phosphorus-fertilized plots compared to those 
fertilized with nitrogen. As in this study, there was no fertilization or a controlled 
environment, so we cannot draw similar conclusions. However, our findings provide 
valuable insights into the possible interactions between phosphorus, nitrogen, and soil-
litter BVOC fluxes in tropical ecosystems. These observations align with previous 
studies on the influence of soil nutrients (Liu et al., 2024; Llusià et al., 2022) and we 
suggest future soil fertilization studies to explore these relationships across soil and 
forest types in Amazonia. For the upland forest, it was found that microbial biomass was 
a significant driver for almost all soil-litter fluxes, except for isoprene and methane. This 
aligns with previous studies that have identified microbial biomass as an important driver 
for soil-litter gas fluxes (Leff & Fierer, 2008; Mancuso et al., 2015; Tang et al., 2019). 
For example, research on soil organic matter degradation by Lehnert et al. (2023) 
demonstrated that it is an important source of DMS emissions, highlighting the role of 
microorganisms associated with decomposition. Jardine et al., (2015) point out that DMS 
emissions in Amazonian soils are related to microbial processes, a relationship also 
reported in litter studies by Kesselmeier and Hubert (2002). DMS can be produced in 
anaerobic environments, such as saturated soils or lakes (Carrion et al., 2017; Lehnert 
et al., 2023).  DMS can be produced in anaerobic environments, such as saturated soils 
or lakes (Carrion et al., 2017; Lehnert et al., 2023). This may explain the high emissions 
observed in transect 2 (wetter and more saturated) of the white sand forest, where 
conditions favorable to anaerobic processes are common and frequently linked to the 
production of sulfur compounds such as DMS. In contrast, in the drier transect 1 of the 
upland forest, DMS consumption was observed, suggesting the occurrence of microbial 
uptake processes. Previous studies, such as the one carried out by Eyice et al. (2015), 
have shown that bacteria can consume carbon from DMS as an energy source in soil 
and lake sediments. Therefore, the observed uptake may be the result of 
microorganisms utilizing the carbon present in DMS as an energy source, leading to 
uptake rather than production. This dual role of microorganisms - as both producers and 
consumers of DMS - highlights the complexity of sulfur cycling in terrestrial ecosystems. 



From the few studies investigating the relationship between microorganisms and BVOC 
dynamics, it has been shown that some Proteobacteria, Actinobacteria, and Firmicutes 
can produce isoprene (Kuzma et al., 1995; McGenity et al., 2018). Bacillus subtilis can 
produce isoprene in response to stress; however, the mechanism is still not clear 
(McGenity et al., 2018). Some studies have shown that reduced microbial diversity, 
whether in soil (Abis et al., 2020; Sillo et al., 2024) or associated with plant surfaces 
(Saunier et al., 2020), can increase BVOC fluxes and alter the chemical composition of 
emitted compounds. Although microbial community data were unavailable in this study, 
we suggest that potential differences in microbial diversity have influenced emission and 
consumption patterns. Therefore, we strongly recommend that future studies investigate 
gas flux measurements with microbial community analyses to better understand these 
dynamics.” 

 

L653: Making measurements on equidistant points does not influence the inherent 
spatial heterogeneity of a system. Please clarify in methods how you selected 
homogeneous areas–how and why was this done? 

We can provide more details about the selection of the areas. Within our research site, 
we are part of the Maua-PELD project (https://peld-maua.inpa.gov.br), which has 
established 1-hectare plots in the different forest types. However, due to the large size 
of these plots, we observed significant variability within them, both in terms of topography 
and vegetation structure. To deal with this heterogeneity, we chose to use transects 
within the most homogeneous areas of these plots. It is important to mention that the 
selection of homogeneous areas was guided by ecological principles to minimize spatial 
heterogeneity and avoid pseudoreplication (Hurlbert, 1984; Oksanen, 2001).  

This approach reduces variability within sampling plots, allowing for more robust 
comparisons between forest types. Transects were established in homogeneous regions 
with clear criteria, such as consistent vegetation structure, soil characteristics, and 
topography. The sampling points within the transects were then distributed equidistantly 
to ensure spatial independence. 

We rephrased this sentence: 

“For each forest type, a PELD-MAUA plot (~1 hectare) (https://peld-maua.inpa.gov.br) 
was selected, within which two 150 m transects were established in homogeneous areas 
characterized by consistent vegetation structure, soil characteristics, and topography to 
minimize spatial variability and avoid pseudoreplication. Along each transect, six 
sampling points were marked at ~30 m intervals, resulting in a total of 36 soil chamber 
measurements conducted on consecutive days; although this design was necessary for 
logistical reasons, it also allowed us to examine the influence of external factors beyond 
forest-type differences. Chamber-based methods (Section 2.3; Fig. 1) were used to 
quantify in situ fluxes of CO₂, CH₄, and BVOCs from the soil–litter compartment, and 
three blank chambers with sealed collars were deployed per transect to account for 
background signals and potential chamber interferences (Fig. 2b).” 

What drives the differences between forest types? How could forest-type-specific fluxes 
be inferred, or is the recommendation to go inventory all forest types? 

This is an excellent question, and we thank the Reviewer for raising this important point. 
Prior to conducting this study, we hypothesized that a single environmental driver—such 
as soil moisture—could explain the observed fluxes across all forest types. We expected 
that soil water availability would act as a universal regulator, consistently influencing gas 

https://peld-maua.inpa.gov.br/
https://peld-maua.inpa.gov.br/


fluxes regardless of forest type. Under this assumption, differences among forest types 
would be primarily attributed to variations in flux magnitude and/or the chemical 
composition of BVOCs, but still fundamentally driven by soil moisture. However, our 
findings revealed that the soil–litter system is far more complex than we had initially 
anticipated. Rather than being governed by a single driver, it operates as a dynamic and 
intricate system—a ‘universe’ of interacting biological and physicochemical processes. 

So, below are the main conclusions about that: 

The differences between forest types in our study are primarily driven by variations in 
soil nutrient availability, microbial biomass, and environmental conditions such as soil 
moisture and topography. These factors contribute to the distinct flux patterns observed. 
Since soil and litter gas fluxes result from a combination of biological (microbial activity, 
vegetation contributions) and abiotic (e.g., soil properties and moisture) processes, 
forest-type-specific drivers emerge as a result of these interactions. 

Considering the complexity of Amazonian forest types and the lack of observational 
studies, the ideal approach would be the inventory of all forest types. But considering the 
logistical challenges, one approach could be the identification of key drivers of variability 
that consistently explain differences among the most representative forest types. For 
example: 

1. Soil properties: Measuring nutrient content (e.g., phosphorus, potassium, 
carbon), pH, and soil texture can provide critical insights into soil processes 
contributing to BVOC and GHG fluxes. 

2. Vegetation structure and functional traits: Linking forest canopy coverage, 
species composition, and root systems to observed fluxes can help predict forest-
specific contributions. 

3. Microbial communities: Variability in microbial biomass and composition can be 
a driver of gas production and consumption dynamics, particularly for methane 
and dimethyl sulfide, for example.  

From our findings, we suggest future research efforts to focus on monitoring these 
parameters in a representative subset of the most common forest types. By identifying 
the most relevant forest traits and soil characteristics, general patterns of BVOC and 
GHG fluxes could be inferred for similar forest systems without the need for inventories. 
Our study was a first attempt to identify key drivers of soil-litter gas exchange across 
different forest types, and our results point out these three aspects mentioned above. 

Section 4.5: This section should be streamlined to focus on the results more than making 
a separate broader point that would be more well suited for a commentary or opinion 
piece. The point is already made succinctly in Section 5.  

We will focus more on the results themselves rather than making broader points, as 
suggested. The revised Section 4.5 is presented below (in bold), with a concentrated 
focus on how our findings contribute to understanding BVOC and GHG fluxes in white 
sand forest ecosystems.  

“This study showed large variability across forest types and unexpectedly high BVOC 
emissions from the white sand forest. Relatively few studies have been performed on 
white sand forests, which can partly be explained by the challenging conditions of this 
forest type, such as flooding and extreme temperatures, which require specific 
infrastructure for data collection (Adeney et al., 2016). In addition, the complex nature of 
this ecosystem - characterized by scattered patches of differentiated vegetation 
distributed within extensive upland forests (Demarchi et al., 2022) - can make access to 



these sites even more difficult. It is acknowledged that BVOC and GHG studies in white 
sand forests are limited: so far, only one study has provided data on BVOC fluxes with 
soil incubation lab measurements (Bourtsoukidis et al., 2018), and another measuring 
GHGs in situ (van Asperen et al., 2020). Despite representing only 5% of the Amazon 
basin area (Adeney et al., 2016) and 8% of the Reserve of this study (Demarchi et al., 
2022), white sand forests are extremely important environments. Their sandy, nutrient-
poor soil type has created a challenging ecosystem for plant growth (Fine & Baraloto, 
2016), and this unique condition has selected specialized flora and fauna adapted to 
thrive in these ecosystems (Adeney et al., 2016; Demarchi et al., 2022). This high level 
of endemism contributes significantly to the overall biodiversity of the Amazon Basin 
(García-Villacorta et al. 2016). Moreover, white sand forests have been shown to play a 
crucial role in the chemistry of dissolved organic matter (DOM) in Amazonian blackwater 
rivers, linking terrestrial ecosystem processes to aquatic biogeochemistry (Simon et al., 
2021). Our results demonstrated that white sand forest gas fluxes clearly depend 
on physical drivers (more than other forest types), which indicates a possible 
sensitivity to upcoming climate extremes. For example, the high BVOC emissions 
observed after a rain event in transect 2 of the white sand forest align with its 
shallow water table, a characteristic identified as a potential hydrological refuge 
during droughts (Costa et al., 2023). This dependence on physical drivers 
suggests a significant role for white sand forests in both the emission and uptake 
of BVOCs and GHGs, thereby influencing regional carbon and trace gas fluxes. 
Notably, high atmospheric isoprene concentrations have been reported in the 
northwestern Amazon, a region characterized by extensive white sand forest 
cover (Wells et al., 2022; Borges et al., 2014), which corroborates the potential 
importance of this ecosystem's findings in flux studies. Therefore, it is crucial to 
recognize that white sand forests have historically been neglected, even with their critical 
role in regulating the carbon cycle and maintaining Amazonian biodiversity (Rossetti et 
al., 2019). As for BVOC and GHG measurements, even less information is available for 
this ecosystem. However, our results suggest that white sand forests may play a 
significant role in both the emission and uptake of these compounds, reinforcing their 
importance in regional carbon and trace gas fluxes. Notably, a recent study reported high 
atmospheric isoprene concentrations in the northwestern Amazon throughout most of 
the year (Wells et al., 2022) — a region characterized by extensive and continuous white 
sand forest cover (Borges et al., 2014). Together, these findings highlight the need to 
better integrate white sand forests into future flux studies and atmospheric models.” 

 

Supplement 

Is there a discrepancy in the sampling rate, and thus total volume sampled, between 
section 2.4 and the supplemental methods section 3? Confirm that the determined 
concentrations accounted for the air volume sampled. 

We would like to provide clarification by distinguishing between two steps in our 
methodology: (i) the air sampling into collection bags, and (ii) the subsequent sample 
analyses. 

(i) Air sampling: Air was sampled into each bag at a constant flow rate of 500 sccm, 
resulting in a total sampled volume of 5 L. 

(ii) Sample analysis: The collected air samples were then analyzed using three different 
methods: 

● PTR-QMS: Sampled at 50 sccm for 5 minutes (total volume: 250 ml), 



● Los Gatos analyzer: Sampled at 0.1 lpm for 3 minutes (total volume: 300ml), 
● Adsorbent cartridges for offline GC analysis: Filled at 200 sccm for 10 minutes 

(total volume: 2 L), as detailed in Section 3 (Supplemental Methods). 

Both the PTR-QMS and the cartridge-based offline sampling require low flow rates to 
ensure accurate quantification by the PTR-QMS and effective adsorption onto the 
cartridge material, thereby preventing breakthrough of target compounds. It is important 
to note that we assumed homogeneous mixing ratios within each bag. This implies that 
the sub-samples taken for different instruments should reflect similar mixing ratios. 
Importantly, the determined concentrations for both techniques account for the total air 
volume sampled, ensuring that the reported values are accurate and comparable. We 
will clarify this distinction further in the manuscript to avoid any misunderstanding. 

 

What is the purpose of Fig. S2? Please include uncertainty bars. How are these results 
included in the main manuscript? 

The purpose of Figure S2 is to provide additional insights into the chemical diversity of 
BVOC fluxes from soil and litter across the three forest types using data obtained from 
the GC-MS analysis. These results highlight chemical diversity, particularly in the white 
sand forest, which displayed greater chemical diversity compared to the other forest 
types. 

Figure S2 was not included in the main manuscript because their fluxes were significantly 
lower compared to those measured with the PTR-QMS. This data was primarily used for 
qualitative comparisons between forest types. Additionally, given the large amount of 
data presented in this study and the complexity of the paper, we opted to focus on the 
main highlights to maintain conciseness. 

Below is the revised figure following your recommendations: 

 



What did the blank chamber measurements look like? Were concentrations fairly steady 
across all the samples? 

The blank chamber concentrations were generally stable, particularly for DMS, CH₄, and 
CO₂. Interestingly, some blanks showed elevated concentrations of certain compounds, 
such as acetaldehyde in the UP site, and isoprene and monoterpenes in the WS site. 
Although initially surprising, this is likely not unexpected. Our study shows that the soil 
and litter emit substantial and highly variable amounts of BVOCs. As reported in previous 
studies, other ecosystem components are also known to emit high levels of BVOCs 
(Svendsen et al., 2016; Yanez-serrano et al.,2020; Zeng et al., 2022; Duan et al. 2024), 
Therefore, it is reasonable to expect that the ambient air surrounding the chambers—
sampled by the blanks—contains elevated BVOC concentrations. 

Indeed, we often observed that both the blank and the corresponding sample chamber 
in a pair showed elevated levels, suggesting influence from background conditions. To 
ensure that our measurements captured BVOC emissions specifically from the 
chamber's soil and litter, and not just background variability, we implemented two key 
controls. First, the Teflon inlet lines for the sample and blank chambers were positioned 
at identical locations, ensuring that both experienced the same background air conditions 
(Fig 2b). Second, we applied a filter that excluded chamber pairs with concentration 
differences smaller than the combined uncertainty of the individual measurements, which 
was explained in more detail earlier in this review. This ensured that only significant 
differences—attributable to chamber soil and litter emissions—were considered. 

As earlier described in the review, we suggest elaborating on these 2 key controls in the 
Material and Method: 

In 2.4 

As air was continuously extracted from the chamber headspace, both the blank and 
sample chambers were fitted with 2 m-long open Teflon tubes to allow the inflow of 
replacement air. The tubes were installed at identical heights (approximately 2 m above 
ground level) and at the same location. Measurements were conducted simultaneously 
to ensure that both chambers experienced identical background air conditions and were 
equally influenced by ambient air dilution. 

In 2.6 

“By subtracting the mixing ratios of a blank chamber, dVMR represents the concentration 
difference attributable solely to soil and litter fluxes, corrected for potential chamber 
effects or the influence of ambient air entering the system. To ensure data reliability, bag 
pairs for which the absolute concentration difference (dVMR) was less than or equal to 
the combined statistical uncertainty (calculated using the Root-Sum-Square (RSS) 
method from the individual bag uncertainties) were assigned a value of zero. This 
approach ensures that only reliably detected fluxes are considered, while retaining the 
full sample size for modeling purposes (freedom of degrees)."” 

 

 

4.1: I don’t understand the difference between Fig. S3a and S3b is even after reading 
the text a few times. Would you please make this more obvious? 



The difference between Figures S3a and S3b is about the variables being analyzed in 
the Pearson correlation matrix: Figure S3a presents the Pearson correlations only 
among the predictor variables, which include soil and litter characteristics, microbial 
biomass, and soil moisture and temperature. This figure highlights the relationships 
between the environmental drivers in our study. Figure S3b presents the Pearson 
correlations between the predictor variables and the response variables, which are the 
BVOC and GHG fluxes we measured. This figure shows how each gas flux is associated 
with specific environmental drivers. 

We revised the text in the supplementary material to better explain the differences 
between Figures S3a and S3b. Below is the revised version of Section 4.1 from the 
supplementary material: 

“Firstly, we investigated the relationships among the potential predictor variables in the 
white sand forest ecosystem. These predictor variables include soil and litter 
characteristics, microbial biomass, soil moisture, and temperature. The Pearson 
correlations for these variables are presented in Figure S3a, which highlights the 
interactions and dependencies between the environmental drivers only. 

Secondly, we analyzed the correlations between the potential predictor variables and the 
response variables, which are the BVOC and GHG fluxes measured in this study. The 
Pearson correlations for these relationships are shown in Figure S3b, which specifically 
highlights how the fluxes of BVOCs and GHGs are associated with environmental 
drivers. This distinction between Figure S3a (predictor-predictor correlations) and Figure 
S3b (predictor-response correlations) underscores the separate analyses of interactions 
among environmental variables and their direct associations with gas fluxes.” 

 

Fig. S6, S7: What is the p-value on this correlation? Is it significant? These differences 
in temperature are small. 

The difference in temperature is very small and the main differences are in the values of 
the soil moisture. We have calculated the correlation and the p-value.  

For figure S6, the correlation between soil moisture and soil temperature (Fig. S6) was 
moderate (r = 0.371) and statistically significant (p = 0.027, n = 36). Although the 
differences in temperature were small, this relationship highlights potential interactions 
between soil moisture and soil temperature in the forest types. 

When we separately analyzed the forest types:  

 
In the white sand forest, there was a strong negative correlation (r = -0.704, p = 0.013, n 
= 12), indicating that higher soil moisture was associated with lower soil temperature. 
This pattern was the same in the upland forest, where a very strong negative correlation 
was observed (r = -0.799, p = 0.003, n = 12). In the ancient river terrace forest, however, 
the correlation was weak and not statistically significant (r = -0.188, p = 0.570, n = 12). 
These results suggest that the relationship between soil moisture and temperature varies 
considerably depending on forest type, potentially reflecting differences in soil 
composition, canopy structure, and hydrological conditions among forests. 

For figure S7, the relationship between soil moisture and CH₄ fluxes varied among forest 
types. In the white sand forest, we observed a strong positive correlation (r = 0.776, p = 
0.0034, n = 12), indicating that CH₄ fluxes significantly increased with higher soil 



moisture. This trend was less evident in the upland forest, where the correlation was 
weak and not significant (r = 0.269, p = 0.400, n = 12). In the ancient river terrace forest, 
we found a moderate positive correlation (r = 0.498, p = 0.100, n = 12), but it was not 
statistically significant. These differences suggest that the relationship between CH₄ 
fluxes and soil moisture is ecosystem-specific, being especially pronounced in the the 
white sand forest. 

 
When all the forest types were analyzed together, the correlation between soil moisture 
and CH₄ fluxes was positive and moderate (r = 0.528) and statistically significant (p = 
0.0015, n = 36), which was likely influenced by the strong and significant correlation in 
the white sand forest.   
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