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Supplemental methods

Text S1: Linear mixed models

We compared the results of the paired mean difference analysis approach discussed in the main text with
a linear mixed modeling framework. For the first set of models we set Δ14C-CO2 observed in the second
enclosure period as the response variable, and used sample ID as a random intercept term to account for the
imbalance in the number of laboratory replicates analyzed for control versus treatment incubations. For fixed
effects, we assessed the interaction of ecosystem type with treatment, as well as the three-way interaction
of treament, ecosystem type, and experiment for the combine dataset of Experiment 1 and Experiment 2
samples (Eq. S1). We evaluated the significance of the treatment effect by looking at the contrasts between
control and treatment samples across experiments but within ecosystem types. These models were also run
for 𝛿13C-CO2.

We also used the linear mixed modeling framework to assess changes in Δ14C-CO2 and 𝛿13C-CO2 between
enclosure periods. For these models we extended our initial model by adding enclosure period as an additional
dependent variable. These models were restricted to the experiments and treatments where we measured
the response variable in both enclosure periods (Experiment 1 treatment samples, and all Experiment 2
samples). We looked at the overall significance of the paremeter estimates as well as the contrasts from this
model by each experiment, treatment, and ecosystem type.

We tested the effect of storage duration on observed Δ14C-CO2 using a combined dataset of Experiments 1
and Experiment 3 samples. We used Δ14C-CO2 observed in the second enclosure period for all samples except
the Experiment 3 treatment samples for which only a single enclosure period was observed. We constructed
a linear mixed model with storage duration, treatment, and the interaction of these two variables as fixed
effects. As with the previous models we allowed for a random intercept term for each sample. We did not
include ecosystem type in this model as all of the grassland samples were collected at the same point in
time. We also excluded the effect of experiment, since this could lead to a spurious relationship due to the
change in Δ14C of atmospheric CO2 over time and the fact that samples were collected and analyszed at
different times. This model was run first with and then without the Oak Ridge samples, as we considered
these samples to be a separate population as they contain 14C from a labelling experiment in addition to
atmospheric 14C.

All statistical analyses were performed in R (R Core Team 2019). We used the package lme4 (Bates et al.
2015) to perform the mixed modeling, and for contrast analysis we used the package emmeans (Lenth 2021).
When performing statistical tests we employed Tukey’s honestly significant difference test to account for
multiple comparisons and the Kenward-Roger method for estimating degrees of freedom, which has shown
to perform well for small sample sizes (Kenward and Roger 1997).
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Linear Mixed Model (LMM) results

Table S1: LMM marginal means for enclosure period Δ14C-CO2

Enclosure period �14C
Mixed model means and 95% CIs

Period Treatment Experiment Type mean SE df lower.CL upper.CL
2nd control 1 forest 93.8 7.8 23.0 77.7 109.9
2nd treatment 1 forest 82.2 6.9 14.7 67.5 97.0
1st treatment 1 forest 91.4 8.1 25.3 74.7 108.1
2nd control 2 forest 44.0 8.2 25.7 27.2 60.9
1st control 2 forest 20.2 8.2 25.7 3.4 37.1
2nd treatment 2 forest 56.7 8.2 25.7 39.9 73.6
1st treatment 2 forest 55.3 8.2 25.7 38.5 72.1
2nd control 1 grassland 54.5 7.8 23.0 38.4 70.6
2nd treatment 1 grassland 77.8 6.9 14.7 63.0 92.5
1st treatment 1 grassland 75.0 7.0 15.5 60.2 89.9
2nd control 2 grassland 20.8 8.1 25.4 4.1 37.5
1st control 2 grassland 10.4 8.1 25.4 −6.3 27.0
2nd treatment 2 grassland 40.3 8.1 25.4 23.7 57.0
1st treatment 2 grassland 39.6 8.1 25.4 22.9 56.3

Table S2: LMM marginal means for control and treatment Δ14C-CO2 (2nd enclosure period
only)

�14C of control and treatment samples (Experiments 1 & 2)
Mixed model means and 95% CIs

Treatment Experiment Type mean SE df lower.CL upper.CL
control 1 forest 93.8 6.0 18.4 81.3 106.3

treatment 1 forest 82.2 5.4 12.6 70.5 93.9
control 2 forest 43.0 6.3 20.8 29.9 56.1

treatment 2 forest 55.7 6.3 20.8 42.6 68.8
control 1 grassland 54.5 6.0 18.4 42.0 67.0

treatment 1 grassland 77.8 5.4 12.6 66.1 89.5
control 2 grassland 21.8 6.3 20.8 8.7 34.9

treatment 2 grassland 41.4 6.3 20.8 28.3 54.5
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Table S3: Summary of storage duration LMM with Oak Ridge samples

## $emtrends
## treat.bi dur.trend SE df lower.CL upper.CL
## control 12.18 4.46 44.7 3.205 21.2
## treatment 8.46 4.48 45.8 -0.569 17.5
##
## Degrees-of-freedom method: kenward-roger
## Confidence level used: 0.95
##
## $contrasts
## contrast estimate SE df t.ratio p.value
## control - treatment 3.73 1.31 61.4 2.855 0.0059
##
## Degrees-of-freedom method: kenward-roger

Table S4: Summary of storage duration LMM without Oak Ridge samples

## $emtrends
## treat.bi dur.trend SE df lower.CL upper.CL
## control 8.59 4.63 36.9 -0.786 18.0
## treatment 5.61 4.54 34.4 -3.605 14.8
##
## Degrees-of-freedom method: kenward-roger
## Confidence level used: 0.95
##
## $contrasts
## contrast estimate SE df t.ratio p.value
## control - treatment 2.98 3.9 44.5 0.765 0.4485
##
## Degrees-of-freedom method: kenward-roger
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Text S2: Comparing differences in Δ14C-CO2 across control and treatment samples for the
Hainich-Dün time series

Contrast analysis of the LMM output shows that control-treatment differences are not significant for the
forest samples, but are significant for the grassland samples in both Experiment 1 and Experiment 2 (first
two columns of Fig. S1). While the results are similar to the paired difference approach used in the main
text, the paired difference approach found both forest and grassland differences to be significant.

Comparing the differences observed over time when samples were treated the same at both timepoints
(columns “�/t Ctl” and “�/t Trt”, Fig. S1), we see significant differences for both the samples that were never
air-dried (“�/t Ctl”) and the samples that were air-dried and rewet (“�/t Trt”). Both differences are positive,
i.e. Δ14C-CO2 declined for both control and treatment samples over the period 2011 to 2019. However, we
see that the difference over time appear smaller for the forest samples when comparing the difference between
the treatment samples (26‰) to the difference between the control samples (49‰), although the confidence
intervals overlap substantially. We believe this provides support for reliability of the archived technique
when looking at changes in Δ14C-CO2 over time across samples that have been air-dried and rewetted.

Finally, when comparing treatment samples that have never been air-dried (final two columns of figure),
the estimated differences are skewed higher or are no longer significant. Specifically, we fail to detect a
significant change in the grassland Δ14C-CO2 over time when comparing control samples from 2011 to air-
dried and rewet samples from 2019 (penultimate column, “�/t Ex1 Ctl - Ex2 Trt”). Looked at the other
way, i.e. treatment Δ14C-CO2 from the 2011 grassland samples compared to control grassland samples in
2019, the difference is substantially exaggerated (last column): 58‰ vs. 27‰ (ctl-ctl) or 38‰ (trt-trt). The
difference is also greater for forest samples for both of these cross-treatment comparisons. These differences
imply it is important to treat the soils from all time points the same in regards to air-drying and rewetting
when constructing a time series using Δ14C-CO2 measured on archived soils in order to minimize bias.
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Figure S1: 95% confidence intervals for LMM contrasts of Hainich-Dün forest time series data
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Caption: Contrasts shown compare treatment and control samples within Experiments 1 and 2
(first two columns, respectively), control samples between 2011 and 2019 (third column), treat-
ment samples between 2011 and 2019 (fourth column), control samples from Experiment 1 (2011)
to treatment samples from Experiment 2 (2019) (fifth column), and treatment samples from Ex-
periment 1 (2011) to control samples from Experiment 2 (2019) (sixth column).
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Figure S2: 95% confidence intervals for LMM contrasts of Hainich-Dün forest time series
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Caption: Alternate version of Fig. 5 in main text. Instead of pooled standard deviations, the
error bars here show the 95% confidence intervals estimated from the linear mixed model.
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Supplemental respiration rate results

Figure S3: Respiration rates for Experiment 1 and Experiment 2 (rewetting pulse respiration
rates shown as a cumulative average for all samples)
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Caption: CO2 concentrations for Experiment 1 control samples were only measured once during
the pre-incubation period, in contrast to daily measurements for all other samples. Pre-incubation
respiration rates are shown here calculated as cumulative averages for the whole pre-incubation
period for ease of comparison across all treatments in both Experiment 1 and Experiment 2.
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Figure S4: Respiration rates for Experiment 3
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Caption: Experiment 3 storage duration treatment samples were only incubated for a single
enclosure period, as the results of Experiment 1 and Experiment 2 showed no significant difference
in Δ14C-CO2 between the rewetting pulse CO2 released during the pre-incubation period and
the CO2 respired during the second enclosure period. The grassland storage duration treatment
samples (blue dotted line) respired an equivalent amount of CO2 in just 3 d as the corresponding
control-3 samples respired during the rewetting pulse period and the second enclosure period
combined. Consequently those incubations were stopped after the first CO2 measurement point.
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Treatment effects on 𝛿13C-CO2

Fig. S5 𝛿13C-CO2 of rewetting pulse and 2nd enclosure period
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Caption: Points are means; error bars show the minimum and maximum of laboratory duplicates.
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Fig. S6 Time series of control and treatment 𝛿13C-CO2 (Experiments 1 and 2)
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Caption: Points are means; error bars show pooled standard deviations.
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Additional factors influencing treatment effects on Δ14C-CO2

Fig. S7 Change in Δ14C-CO2 in relation to cumulative soil carbon respired
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Caption: Error bars show minimum and maximum values measured for laboratory duplicates,
while points show the mean. Lines connect mean pre-incubation and second enclosure period
observations for a single sample. Lines parallel to the x-axis indicate a lack of trend in Δ14C-
CO2 with the amount of carbon respired, while differences between open and filled symbols show
the impact of treatments on both the amount of carbon respired and Δ14C-CO2. Note that pre-
incubation Δ14C-CO2 was not measured for the control-1 samples in 2011. Plot limits exclude
outlier point (HEW22 control-2, pre-incubation) for improved legibility.
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Text S3: Change in second enclosure period Δ14C-CO2 as a function of field-moisture content

Differences in field moisture content of samples could be related to the magnitude of the shift in Δ14C-
CO2 observed between control and treatment sample, as control sample field moisture content varied. All
treatment samples were air-dried in the laboratory prior to rewetting: a change in moisture content of zero
percent water holding capacity (%WHC) to 60 %WHC. In contrast, moisture adjustment of control samples
was made from field moisture, thus, for example, control samples with lower field moisture contents received
a correspondingly greater water addition than wetter control samples.

In order to control for the variance in field moisture content of control samples, we looked at the relationship of
the difference in the second enclosure period Δ14C-CO2 observed between control and treatment samples and
the change in moisture content of the control samples. If the shift in Δ14C-CO2 observed in response to the
air-drying and rewetting treatment were a linear function of the change in moisture content, the differences
between control and treatment Δ14C-CO2 should be smaller for samples with lower field moisture. However,
we did not observe any consistent relationship between the difference in Δ14C-CO2 and field moisture (Fig.
S8).

We observed the strongest trend in the Experiment 2 grassland samples, but the trend was opposite to what
we expected: differences in Δ14C-CO2 between treatment samples and control samples were greater for drier
samples than wetter samples (Fig. S8). Experiment 2 forest samples showed the expected trend, but it did
not appear to be linear (Fig. S8). Given the relatively low sample number when considered within treatment
and ecosystem groups (Experiment 1 n = 6, Experiment 2 n = 3), we do not consider these trends to be
significant, but the data from Experiment 2 suggest that the relationship between the change in Δ14C-CO2
and the magnitude of rewetting warrents further study.
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Fig. S8 Change in Δ14C-CO2 relative to the change in moisture content (control - treatment)

Forest Grassland

E
x
p

e
rim

e
n

t 1
E

x
p

e
rim

e
n

t 2

24 28 32 24 28 32

-40

-20

0

20

-40

-20

0

20

Field moisture content (%WHC)

C
o

n
tr

o
l -

 t
re

a
tm

e
n

t 
Δ

1
4
C

 (
‰

)

Ecosystem

Forest

Grassland

Experiment

1

2

Caption: Differences in Δ14C-CO2 are shown as means; error bars show pooled standard devia-
tions. All samples were rewetted to 60% of water holding capacity (WHC) prior to incubation,
but control samples were rewetted from field moisture whereas treatment samples were rewetted
after air-drying. Data from Experiment 3 are not shown as field moisture content was unknown
for the majority of samples (Table S5).
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Site data, soil properties, and supporting references for all samples (Experiments
1, 2, and 3)

Table S5
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