
We would like to thank the reviewer for their thoughtful and constructive feedback. We have 
carefully considered all comments and made the necessary revisions. Their comments have 
substantially improved the quality and rigour of the work.  Below, we provide a point-by-point 
response to each comment. Reviewer comments are shown in black, and our responses 
follow in blue text. Where applicable, revised text from the manuscript is shown in bold. 

Reviewer 2  

The manuscript addresses a genuinely important and understudied topic – root 
exudation in mangroves – and presents a creative adaptation of the cuvette method for 
waterlogged, tidal conditions. The dataset, while limited in sample size and spatial 
scope, provides some of the first in situ exudation rates for Avicennia and Rhizophora. 
The upscaling attempt is useful for highlighting the potential significance of this flux. 
However, several methodological weaknesses, statistical limitations, and 
overstatements in the interpretation require major revision before the work meets the 
standards for a high-quality journal like Biogeosciences. 

We thank the reviewer for the thorough and perceptive evaluation. We address each specific 
comment below, and we believe the revised manuscript has substantially improved in 
methodological transparency and interpretive caution in response to these recommendations.  

• The sample sizes are highly uneven across species and seasons (e.g., Avicennia 
dry season: n=5 vs. wet season: n=13). How do the authors account for potential 
statistical bias from unequal replication, and could they justify the minimum 
sample size for robust comparisons? 

We thank the reviewer for this important point. The unequal sample sizes reflect field 
constraints. In particular, dry-season sampling at the Can Giờ site was limited by tidal access 
windows and logistical restrictions, which reduced replication for some species–season 
combinations (e.g., Avicennia dry season: n = 5 vs. wet season: n = 13). We agree that this 
imbalance must be acknowledged in both the statistical analysis and interpretation of results. 

To address potential bias arising from this imbalance, we used a Gamma GLM with a log link 
rather than an ANOVA-based framework. Unlike classical ANOVA, GLMs do not require 
balanced replication and are appropriate for handling non-normal, heteroscedastic ecological 
data. In addition, we report estimated marginal means with associated confidence intervals, 
which explicitly incorporate the increased uncertainty associated with smaller sample sizes, 
particularly for the low-replication groups. 

Regarding minimum replication, we consider a threshold of at least three independent 
observations to be the absolute minimum required for statistical tests, but we acknowledge 
that higher replication is preferable for robust inference. In our case, most treatment groups 
exceed this minimum (≥5 replicates), which is consistent with, and in several cases 
comparable to, similar field-based studies in root exudation (Meier et al., 2020; Zhang et al., 
2024). Nevertheless, we recognise that without detailed prior knowledge of variability in 



exudation rates across the inundation profile, any minimum-sample justification remains 
rather theoretical. We have now clarified these points in the revised manuscript to better 
acknowledge the limitations associated with unequal sampling effort. 

In the method section, we have now added: 

“To compare root exudation rates between seasons and species, we used Gamma 
generalised linear models (GLMs) with a log link function, which are well-suited to 
continuous positive, right-skewed data. Sample sizes were unequal across species–
season combinations (Avicennia: wet n = 13, dry n = 5; Rhizophora: wet n = 21, dry n = 
8), reflecting tidal access constraints at the field site; unlike ANOVA, GLMs do not 
require balanced replication and are appropriate for heteroscedastic ecological data, 
with estimated marginal means explicitly propagating the greater uncertainty in 
smaller groups. Species or season was included as a covariate in each respective model 
to control for confounding effects, and we also tested for a species × season interaction. 
Model fit was assessed using Nagelkerke's R² and dispersion ratios via DHARMa residual 
diagnostics. Estimated marginal means (EMMs) and pairwise contrasts were reported on 
the response scale as ratios with 95% confidence intervals.” 

• Section2.5.1 Exudation rates are calculated using the dry mass of 
roots after they have been incubated for 48 h and then oven-dried. This assumes 
that root mass did not change during incubation. However, roots may lose mass 
through respiration, exudation itself, or tissue death. Conversely, they might gain 
mass if any microbial biofilm develops. This is a critical source of error. Did you 
measure root fresh mass or estimate initial dry mass from a parallel set of roots?  

We thank the reviewer for highlighting this methodological consideration. While, to our 
knowledge, this has not been addressed in previous root exudation studies, mass 
change was likely limited given our 48h incubation window and the use of pre-rinsed 
roots to reduce external microbial and soil organic matter contamination. 
Unfortunately, the experimental approach does not allow the collection of fresh roots 
before and after incubation, given that roots must remain attached to the parent tree 
throughout the incubation. We have now explicitly stated this potential caveat in our 
method:  

“This approach assumes limited change of root biomass during the incubation 
period. A change in root biomass might occur, e.g. through respiration (Lovelock 
et al., 2006), but any such eventuality was likely limited given the short 
incubation time, the flushing event performed after 24 h, and by using pre-
rinsed roots to reduce external microbial and soil organic matter 
contamination.” 

• Section3.2  The incubation duration test was based on only three roots. No 
statistical pairwise differences were significant, yet the authors use this to justify 
the 48 h protocol. This is insufficient. Please either provide a larger time-series 



experiment or present the existing data more cautiously, acknowledging that the 
choice of 48 h remains provisional. 

We thank the reviewer for this comment, and we believe we were not clear in the 
description of our design to test the difference between 24 and 48 h. We tested the 
incubation time for 49 roots between both times, and the pilot n=3 time series at 
0/24/48/72h was a separate, earlier validation experiment. The n=49 paired comparison 
provides a substantially larger evidential basis for the 48 h choice than the original 
manuscript made clear. We have now restructured Sect. 2.4.2 and the relevant results 
and discussion passages to make both experiments and their respective roles explicit.  

We have now made it clearer in the manuscript as follows: 

“To determine a suitable recovery and incubation period, we conducted two in 
situ time-series experiments. The first involved the sealed-cuvette protocol and 
sampled solutions from the same three roots used in the field waterproof test at 
0, 24, 48, and 72 h (n = 3). The second time-series experiment used more 
roots (n = 49) and compared only the 24 and 48 h intervals. These intervals 
span a full diurnal cycle of exudation, which has been shown to fluctuate 
significantly over 24 h, and suggests a mechanistic link between the supply of 
newly assimilated photosynthates and root exudates (Brauner et al., 2018; Tixier 
et al., 2023).  

“For the second time-series analysis, the paired 24 h and 48 h intervals were 
then compared using a paired Wilcoxon signed-rank test, as well as a Lin's 
concordance correlation coefficient (CCC; Lin, 1989) to assess measurement 
agreement, precision, and potential interchangeability between two time 
points at individual root level.” 

“Paired measurements (n = 49) showed no significant difference (V = 506, p = 
0.40) between median exudation of 32.7 μg C g⁻¹ h⁻¹ at 24 h (IQR: 96.8; range: 
0.70–2206.34 μg C g⁻¹ h⁻¹) and 40.8 μg C g⁻¹ h⁻¹ at 48 h (IQR: 59.6; range: 9.5–
513.2 μg C g⁻¹ h⁻¹). Lin’s concordance correlation coefficient, used to assess 
potential interchangeability between 24 h and 48 h measurements, indicated 
poor agreement (CCC = 0.45, 95% CI: 0.31–0.57; Fig. 5) – suggesting that 
exudation measurements at 24 h and 48 h at root level are different and not 
interchangeable.” 

“The primary justification for the 48 h incubation comes from Lin's CCC of 
0.45 indicating a poor agreement at individual root level, meaning that 24 h 
and 48 h measurements are not interchangeable for individual roots. This 
suggests that roots had not fully stabilised at 24 h. It is consistent with the 
idea that some roots require a short recovery period after disturbance (Döll 
et al., 2024; Oburger & Jones, 2018), and that 48 h measurements are 



therefore more reliable for flux calculations. Similarly, prolonged incubation 
risks increasing microbial consumption and root re-uptake. This 
progressively decouples measured DOC from true gross exudation rates, 
which, when coupled with the need to fit tidal access windows while 
capturing a complete diurnal cycle in exudation, suggests the use of a 48 h 
total protocol as an optimal compromise (i.e., 24 h of recovery + 24 h of 
effective incubation). Nevertheless, the optimal incubation duration 
remains provisional, and future work should validate this choice with a 
larger time-series experiment across a greater number of roots.” 

• Section 4.3  The Spearman correlation matrix shows essentially no significant 
correlations between exudation rate and any measured variable (temperature, 
rainfall, humidity, soil EC, pH, bulk density, root traits). The authors suggest this 
is because the sampled conditions were not sufficiently contrasted. If the study 
cannot identify any driver, what is the mechanistic contribution of the work? 
Please discuss more honestly whether the method may be too noisy to detect 
environmental signals, or whether sample size is simply too small. 

We thank the reviewer for this fair point. We have added clarification to Section 4.3 to address 
this more explicitly: that the method may be too variable to detect moderate environmental 
signals at low sample sizes. 

“…sampled across species and seasons may not have been sufficiently contrasted in 
order to reveal driver–response relationships. We also acknowledge that small 
sample size (n = 47) and high individual-level variability (SD > mean for most 
groups) limit statistical power to detect moderate environmental effects, 
independent of whether the relevant drivers were measured.” 

• Section 4.4 The manuscript compares exudation fluxes to a “global mean 
mangrove GPP of 16–20 Mg C ha⁻¹ yr⁻¹” from Adame et al. (2024). However, your 
site-specific GPP may differ. If available, please report local GPP or at least 
discuss the uncertainty in applying a global average to a specific Vietnamese 
mangrove. 

We thank the reviewer for this valid point. Site-specific GPP data for Cần Giờ were not 
available to us, and we have now made this limitation explicit in the manuscript, noting 
that the GPP comparison should be interpreted with caution. We have additionally 
revised the comparison to use a fixed global mean of 19 Mg C ha⁻¹ yr⁻¹ (mid-range of 
Adame et al., 2024) and now report both mean- and median-based estimates to better 
represent the distribution of values: 

“Mean annual inputs were approximately 2140 kg C ha⁻¹ yr⁻¹ (SD = 4175; range = 
16.6–15270 kg C ha⁻¹ yr⁻¹). in Avicennia-dominant plots and 1093 kg C ha⁻¹ yr⁻¹ 
(SD = 1581 kg C ha⁻¹ yr⁻¹; range = 23.5–6610 kg C ha⁻¹ yr⁻¹) in Rhizophora-



dominant plots. However, given that SD exceeds the mean in both cases, 
median values are more representative of typical fluxes (Avicennia: 519 kg C 
ha⁻¹ yr⁻¹; Rhizophora: 526 kg C ha⁻¹ yr⁻¹). Relative to a global mean mangrove 
GPP of 16–20 Mg C ha⁻¹ yr⁻¹ (Adame et al., 2024), median-based estimates 
correspond to approximately 2.7% of GPP in Rhizophora-dominant and 2.8% 
of GPP in Avicennia-dominant plots, respectively, while mean-based 
estimates reach 5.7 and 11.3% respectively. Site-specific GPP 
measurements for Cần Giờ were unavailable, which would have allowed a 
more precise comparison and should be prioritised in future studies, 
alongside expansion of measurements across sites with contrasting edaphic 
conditions, to improve this first back-of-the-envelope assessment.” 

• Dry-season exudation was higher but non-significant. Could the authors link this 
to seasonal changes in salinity, temperature, or plant water stress, and provide 
mechanistic explanations? 

We appreciate this suggestion and have expanded the discussion of potential mechanisms in 
Section 4.3. We note that soil EC (a proxy for salinity) was indeed higher in the dry season, 
which could increase osmotic stress and stimulate exudation of compatible solutes. Mean 
temperature was similar between seasons (dry: 29.6°C; wet: 29.9°C), so thermal effects are 
unlikely to explain the trend. We have added the following: 

" Though SRL did not differ significantly between species (Table 2), SRL and RTD did 
respectively increase and decrease during the wet season, indicating a shift toward 
finer, less dense roots under wetter conditions – a pattern shared across both species. 
Yet this morphological change was not accompanied by a statistically significant 
difference in exudation rates, suggesting that SRL alone is a poor predictor of 
exudation in these mangroves, contrary to patterns reported in terrestrial systems 
(Meier et al., 2020; Tückmantel et al., 2017). The directional trend toward higher 
exudation in the dry season, when roots were denser and less elongated, may 
reflect stress-induced changes in carbon allocation. Along the seasonal and 
environmental axis, environmental measurements likewise showed that the 
underlying ecological contrasts across zones and seasons were small, limiting the 
potential for divergence of exudation rate between species and seasons. Soils 
beneath Avicennia showed higher pH and electrical conductivity but lower bulk 
density than beneath Rhizophora, and EC and bulk density were both elevated in the 
dry season. These differences were modest in magnitude, yet the higher dry-season 
EC is consistent with elevated porewater salinity, which is known to alter root 
exudation in plants (Vives-Peris et al., 2020) and is thus a plausible contributor to 
the non-significant trend toward higher exudation in the dry season. However, in 
the absence of porewater solute data and larger sample sizes, these mechanistic 
links remain speculative.” 



• Porewater salinity, redox potential (ORP), and nutrient concentrations (NH₄⁺, 
NO₃⁻) were not measured. These variables strongly regulate root exudation—
could the authors supplement these data or discuss how their omission limits 
mechanistic interpretation? 

Yes, thank you. We have added a further discussion on the limitations of omitting these 
measurements in section 4.5: 

“Finally, while this study provides the first exudation measurements for 
Avicennia and Rhizophora, caution is warranted when extrapolating these 
results. Measurements were limited to two species in a single reserve under 
relatively homogeneous edaphic conditions. Avicennia, for instance, spans a 
wide range of inundation classes across its global distribution, exudation rates 
may vary considerably with edaphic context, and the absence of concurrent 
porewater chemistry data, such as redox potential and nutrient 
concentrations, may have limited our ability to detect clear driver–response 
relationships. 

These limitations point to clear priorities for future research. Expanding 
measurements to more contrasting sites, encompassing different inundation 
classes, geomorphological settings, salinity gradients, and mangrove species, 
and inclusion of more detailed porewater and soil characterisation is needed 
to identify the environmental drivers of exudation and establish whether the 
patterns observed here are representative of tropical mangroves more broadly.” 

• The study focuses on one mangrove site. Could the authors contextualize results 
with data from other tropical/subtropical mangroves to assess generalizability? 

We appreciate the comment. Contextualisation with other mangrove sites is limited by 
the near-absence of published in situ root exudation measurements in mangrove 
ecosystems. To our knowledge, only one comparable study currently exists (Kato et al., 
2026), conducted on Bruguiera gymnorhiza in a subtropical system. Direct comparison 
with that study is complicated by methodological and biological differences, and by the 
fact that both studies sampled only a fraction of the full rooting depth. We have 
therefore expanded our contextualisation to include terrestrial forest studies. We also 
note that our study was conducted in stands dominated by Avicennia and Rhizophora, 
the two most widely distributed mangrove genera globally, which enhances the 
potential representativeness of our findings. We have furthermore added explicit 
caveats around our ecosystem-scale flux estimates, which should be treated as first-
order approximations given the high individual-level variability, low replication, and 
single-season biomass data. Expanding measurements across sites with contrasting 
edaphic conditions remains a clear priority for future work. We have now been more 



careful in presenting our upscaling and have been clearer on the availability of data for 
contextualisation, and future steps:  

: 

“Given the low replication, high individual-level variability, and single-season 
biomass data, the ecosystem-scale flux estimates presented here should be 
treated as a first, back-of-envelope approximation rather than as precise flux 
measurements. … Relative to a global mean mangrove GPP of 16–20 Mg C ha⁻¹ yr⁻¹ 
(Adame et al., 2024), median-based estimates correspond to approximately 2.7% 
of GPP in Rhizophora-dominant and 2.8% of GPP in Avicennia-dominant plots, 
respectively, while mean-based estimates reach 5.3–11.3% respectively. Yet, 
expanding measurements across sites with contrasting edaphic conditions is a 
critical next step to improve this first assessment. 

Comparison with other mangroves is limited because, to our knowledge, only 
one other study has until now measured root exudation in situ in mangroves. 
Our measured fluxes are lower than those reported for Bruguiera gymnorhiza (Kato 
et al. 2026). Both estimates are therefore conservative, and the true ecosystem-
scale flux is likely higher than reported here. Compared to terrestrial forests, 
mass-specific exudation rates at Cần Giờ (mean 90.5 µg C g⁻¹ h⁻¹; median 41.1 
µg C g⁻¹ h⁻¹) fall within the interquartile range reported across upland 
ecosystems (25–140 µg C g⁻¹ h⁻¹; Chari et al., 2024), consistent with the finding 
that mass-specific exudation rates do not differ significantly among biomes 
(Chari et al., 2024). At ecosystem scale, mean-based GPP estimates (6.1–11.9%) 
are broadly compatible with the global terrestrial average of 7–14% of GPP 
(Chari et al., 2024), while the more conservative median-based estimates (2.6–
3.3%) fall at the lower end of this range, likely reflecting the skewed distribution 
of our data rather than a fundamentally lower exudation capacity in 
mangroves.” 

• The sealed cuvette contains microbes that may re-uptake DOC. Could the 
authors discuss how incubation time and sterile controls mitigate this bias? 

We thank the reviewer for raising this point. The sealed cuvette is not completely sterile, 
and microbial re-uptake of DOC is a recognised limitation of all cuvette-based 
approaches. We address this in two ways described in the manuscript: (1) the 48 h 
incubation duration was chosen in part to limit this effect — the pilot time series 
showed DOC declining by 72 h, consistent with an increasing likelihood of microbial 
consumption at longer incubation times (Section 4.1); and (2) root-free control 
cuvettes, which contain the same microbial background, are subtracted from all 
samples, partially correcting for microbial DOC turnover in the bulk solution. In Section 
4.1, we have expanded the discussion of the 72 h decline to explicitly attribute it to 



microbial consumption and root re-uptake progressively decoupling measured DOC 
from gross exudation at longer incubation times and have clarified that the choice of 48 
h was made in part to limit this effect.  

“The pilot time series revealed a biphasic pattern, with DOC rising over the first 48 
hours and declining by 72 hours (Fig. 4). The initial increase is consistent with the 
accumulation of exudates described for cuvette-based methods, where 
exudation rates are highest immediately after equilibration (Phillips et al., 2008; 
Zhang et al., 2024), whereas the subsequent decline may result from microbial 
degradation and root re-uptake of compounds offsetting gross exudation at 
longer incubation times (Oburger & Jones, 2018; Phillips et al., 2008; Zhang et 
al., 2024)”  
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