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Measuring the isotopic composition of
ecosystem respiration in a temperate
beech forest

Motivation and objective
Respiration is the one of the largest CO2 fl uxes in terrestrial 
ecosystems and provides important information about the 
terrestrial carbon cycles. The stable isotope composition 
of respired CO2 has been e.g. used to identify the transfer 
time of assimilates from photosynthesis to respiration in 
forests4,6 and to partition net CO2 fl uxes into assimilation 
and respiration.2,7,8,10 Quantifying the stable isotope 
composition of respired CO2 at fi eld sites requires precise 
and yet robust and easy-to-use instruments.

One of our objectives is to test the capability of the 
Thermo Scientifi c™ Delta Ray™ Isotope Ratio Infrared 
Spectrometer (IRIS) to measure the isotope signal of 
13C and 18O in respired CO2 in a forest ecosystem with a 
Keeling plot approach5 - realized by using a profi le system 
with nine different inlet heights. We show instrument 
characteristics such as Allan variance and turnover time 
and discuss the utilization rate and maintenance effort for 
our fi eld experiment. A second objective of this study is 
to characterize the measured Keeling plot intercepts and 
discuss their interpretation for nighttime and daytime data. 
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We present an example for the resulting midnight-Keeling plot 
and the diurnal cycle of the Keeling plot intercept 
which can be interpreted as the isotopic composition of:
A) respiration (for nighttime data) and 
B) a mixture of assimilation and respiration (for daytime data).
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Methods
Experimental set up
Using the Delta Ray Isotope Ratio Infrared Spectrometer 
(IRIS), we measured the CO2 concentration and its isotopic 
composition in 13C and 18O in nine different heights 
(0.1 m; 0.3 m; 1 m; 2 m; 5 m; 15 m; 25 m; 35 m; 45 m) 
from August 21st, 2015 to November 16th, 2015. These 
measurements were done at a meteorological tower 

Figure 1. Installation in the field; left: meteorological tower at the field site; middle: heights 1 to 4 below 2 m 
are installed at a small tower nearby the meteorological tower; right: height 5 (as well as heights 6 to 9) is 
installed at the tower.

Figure 2. Plumbing scheme for the setup.

Measurements of the lowest height and the target standard 
were initialized by two different external analogue triggers  
(1 s pulses with 5 V DC) that were sent when the valve 
box, that switches between the nine heights and the target 
standard, was set to the corresponding position (visualized 
in Figure 2). The tubing of the profile unit was made of PE 
and had 6 mm outer diameter and 4 mm inner diameter 
and the tubes for the different heights were equally long 
for heights 1-8 (50 m length each – only for height 9 we 
needed an additional 2 m extension) to achieve similar flow 
rates and more constant inlet pressure for the analyzer, 
independent of the height. Additionally all heights were 
equipped with 1.2 μm PTFE membrane filters  and all 
sample inlets were purged continuously with a flow rate  
of approximately 1.5 slpm while the analyzer took a 
sub-sample of the probe in the tube with its flow rate of 
approximately 0.08 slpm. To avoid condensation that could 
occur especially in the tubes with this slow flow rate and at 
the valves, we heated the whole switching unit as well as 
the connection between the switching unit and the analyzer 
with self-regulating heating wires that heat up to 65 °C.

to external pump

to analyzer  
(internal pump)

Profile tubes: 
L = 50 m; D = 6 mm 

Target standard

 
 flow meter 

(1 slpm) 

Nine different heights

 Valve box, 
(heated)

Tube to analyzer, 
 D = 6 mm (heated)

Filter, 1.2 µm, 
(changed biweekly)

Magnetic valve  

 Overblow 

Legend:

Tubing: D = 6 mm 

in a managed beech forest (Fagus sylvatica L.) close 
to Leinefelde in Thuringia, Germany at 51°19’41,58”N; 
10°22’04,08”E; 450 m.a.s.l. The forest in the footprint of 
the tower has a canopy height of approx. 35 m with a very 
homogeneous structure in the dominant wind direction. 
The field site is described in detail in the literature.
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Measurements cycle
We repeated the measurements of concentration C and δ-values (δ13C and δ18O) based on a 30 minutes measurement 
cycle that consisted of:

• Measuring all nine heights (60 s purging + 80 s measuring; both for each height)

• Measuring a target standard: syn. air with app. 400 ppm CO2 (60 s purging + 80 s measuring)

• Internal “referencing” (60 s purging + 80 s measuring) measurement of CO2 with known (close to ambient) δ-values 
at a concentration that was fixed to the concentration measured at height 9 in the previous measurement cycle (this 
procedure is called ”smart referencing “ in the operational Thermo Scientific™ Qtegra™ Software).

• Buffer time (e.g. waiting for trigger/measurement initialization)

Calibration
We performed the three different instrument-internal calibration routines each time the instrument had to be restarted  
(approximately biweelkly, see also chapter 3.3). Calibrations were usually done one day after restarting the instrument 
to let the instrument stabilize. The different gas tanks that were used for calibriation (pure CO2 and CO2 in synthetic 
air) were all measured precisely for their isotopic composition and/or CO2 concentration at the Max Planck Institute for 
Biogeochemistry Jena. The pure CO2-tanks were measured additionally at Geoscience Center in Göttingen  
(Isotope Geology Division, Göttingen University) for δ13C.

• “Concentration Calibration” 
2-point-calibration for concentration using CO2 in synthetic air at different concentrations (50 l tanks with 200-150 bar)  
Low Standard (LS1) with 295.9(1) ppm and High Standard (HS1) with 429.1(1) ppm.1

• “Linearity Calibration” 
Calibration of the concentration dependency of δ-value measurements using pure CO2 with near to ambient δ-values  
(1 l tank with 10 bar) and synthetic air (50 l tank with 200–150 bar). During this calibration the pure CO2 is diluted with 
synthetic air automatically, resulting in CO2-ranges from 150 to 3500 ppm CO2. Used pure CO2 tank: δ-Standard 1 
“ambient” with δ13C = −9.94(1)‰ (VPDB) and δ18O = −17.5(3)‰ (VPDB-CO2).

2

• “Scale Contraction Calibration” 
2-point-calibration of δ values using pure CO2 with near to ambient δ-values (1 l tank with 10 bar) and synthetic air  
(50 l tank with 200−150 bar). Used pure CO2 tanks: δ-Standard 1: “ambient” (described above) and δ-Standard 2 “bio” 
with δ13C = −28.25(1)‰ and δ18O = −27.2(3)‰.

1 The concentration standards were also used for another experiment with higher flow rates and therefore needed to be exchanged after approximately  
  1 month.
2 All δ-values presented here refer to VPDB-scale for δ13C and VPDB-CO2-scale for δ18O.

Instrument performance
Cell turnover
We measured the cell turnover by switching from one reservoir (ambient air with δ13C ≈ −9‰ and δ18O ≈ 1‰) to a 
significantly different one (tank air with δ13C ≈ −37‰ and δ18O ≈ −35‰). The turnover time of the system τ90, defined as 
the time it takes for the δ-values to exponentially decrease to 90% of this change in δ-value was in average approximately 
12 s for δ13C and 12.7 s for δ18O. One of the underlying turnover time measurements is shown in figure 3 for both δ-values. 
Additionally to the 90%-threshold (at t = τ90) we also show the 99%-threshold as well as the 99.9%-threshold. In our setup, 
we had an additional tube turnover time of approximately 17 s (not shown) and set the purging time to 60 s to clearly 
exceed the sum of this additional tube turnover (17 s) and the 99.9%-threshold for cell turnover (< 40 s).
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Figure 3. Example for the measurement of cell turnover, based on measurements of the temporal change 
in both δ-values after we switched from height 1 to tank air.
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Precision
We took measurements with 20 s averaging time, which corresponds to an  
Allan deviation (used as a measure of the instrument’s precision) of 0.06‰ 
for δ13C and 0.09‰ for δ18O. For higher averaging times, the Allan deviation 
decreased down to 0.03‰ for δ13C and 0.02‰ for δ18O for an averaging time 
of approx. 290 s as shown in Table 1. Thus averaging times longer than 20 s 
would indeed improve the instruments precision (c.f. Table 1), but also reduced 
the variability that could be captured within our 80 s measurement period 
significantly. By choosing an averaging time of 20 s, we faced the trade-off 
between capturing the natural variations with time but also measure precisely 
(with an Allan variance below 0.1‰).

δ18O 
[‰]

δ13C 
[‰]

σA (1 s) 0.40 0.29

σA (20 s) 0.09 0.06

σA (80 s) 0.05 0.03

min(σA) = σA(τ ≈ 290 s) 0.03 0.02

Table 1. Allan Deviation σA of the Delta Ray 
analyzer for different averaging times.

Utilization rate and maintenance effort
Theoretically we could have measured 4167 profiles 
(each measured within 30 minutes) during our three 
month measurement campaign. Multiple effects produced 
some data gaps and reduced the number of measured 
profiles: The main reasons for the data loss were two 
major instrument events (a laser alignment problem for 
4 days (approximately 5% of measurement time) and 
data acquisition problem for 3 days – accounting for 
approximately 4% of measurement time) and four external 
problems with power supply at the field site lasting 
from 2 hours to 2 days (summing up to 3.3% of the 
measurement time). Additionally manual measurements 
(tank measurements, turnover time measurements) as well 

as manual instrument calibration were carried out during 
our field trips (making up 2.3% of total measurement time). 
Thus the number of actually measured profiles was 3303 
which corresponds to an utilization rate of 80%. In principal 
each profile measurement was accompanied by an 80 s 
measurement of the external target standard. Problems 
with the gas flow and tubing reduced the number of 
available target measurements to 2907 target, which results 
in a utilization rate for our long term target measurements 
of 70%. The utilization rates of 80% for profile and 70% for 
target measurements could have been improved by a more 
stable power supply and by more frequent field trips and 
in case of target measurements also by more stable target 
plumbing.
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Figure 4. Example for a diurnal cycle of concentration and δ-measurements.

 

C
O

2  
[p

pm
]

Height 1                                                                
Height 2                                                                
Height 4                                                                
Height 6                                                                
Height 9                                                                

40
0

45
0

 

13
C

 [‰
]

10
8

 

18
O

 [‰
]

2
1

0

22.08.15Sunrise                                                                                                                                                           Sunset

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

For maintaining and controlling the experimental set up, we went to the field on a weekly and sometimes biweekly basis, 
and these field trips were especially necessary in the six cases the instrument had to be restarted (and recalibrated) after 
external power failures (four times) and in the two cases of major instrument events (described above). Additionally we had 
to exchange the PTFE filters at the inlet biweekly and used the field trips to take measurements and perform maintenance 
tasks that involved changes in the plumbing. In our plumbing set up, this included adjustments in the target flow rate, 
which seemed to be necessary weekly/biweekly and additional manual measurements and calibrations that (due to the 
limited number of gas tanks available in the field) involved changes in the plumbing.3 As we could access the instrument 
remotely via a satellite connection, instrument performance control, calibrations with tanks that were constantly connected 
to the analyzer at the field site and some additional differently scheduled measurements could be done remotely.

3 In our case this concerned the two point C-calibration, because we had to change the plumbing during field trips to use an additional gas tank  
  which we were using for a different experiment in the field.

Ecological application
The measured CO2-concentration as well as the measured δ-values generally exhibit large differences across the different 
measurement heights. Figure 4 shows an example for the diurnal variation in five of the nine measurement heights. As 
the lower heights (height number 1 is the lowest, height 9 is the highest) are more influenced by respiration, the CO2 
concentration increases with decreasing height. Because respiration typically has a lighter isotopic composition than the 
atmosphere, the lower heights also have lighter isotopic composition and therefore more negative δ-values in both 13C 
and 18O. Additionally we can see here, that the lower inlets (height 1 to 4 are below 2 m) show much stronger temporal 
variability than the higher inlets that are closer to atmospheric values reflecting that the isotopic composition of the 
atmosphere is much more static than within the forest.
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If all CO2-sources and sinks in the ecosystem can be treated as one net source (or sink) that is mixed with the atmospheric 
background CO2, it is possible to use a Keeling plot approach5 to calculate the isotopic composition of this net source δs. 
By assuming a simple two-component mixing model between the background with its concentration cbg and delta values 
δbg and the net source with its associated net concentration cs and its net delta value δs and applying conservation of mass 
for CO2 concentration and for all its isotopologues separately, one can derive a linear relationship between 1/cmeas and δmeas 
with the Keeling plot slope mKP and intercept δKP = δs (deviation see e.g.9):

δmeas = (δbg + δs ) cbg cmeas
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Figure 5. Example for Keeling plots and their intercept δKP, different 
colors are different heights.

For nighttime data the intercept of this linear regression 
δKP can be interpreted as the isotopic composition of 
ecosystem respiration (δR13 

 C or δR18  O) whereas at 
daytime we have to interpret this intercept with caution 
as it reflects a mixture of sinks and sources from soil to 
canopy top. In both cases this approach is only applicable 
if the underlying assumption that we can treat all flux 
components as one integrated source is valid. This 
assumption is more reasonable at nighttime, when we 
have no photosynthesis. Figure 5 shows an example for 
the linear relationship between both delta values and the 
reciprocal concentration for data taken around midnight. 
This Keeling plot is based on measurements taken in less 
than 90 min, including data from three adjacent 30 min 
measurement cycles. This time resolution yields Keeling plot 
intercepts δKP with standard errors of the linear regression 
that were acceptably small (the frequency distribution of 
standard errors of δKP had their medians at approximately 
0.8‰ for δ13C and δ18O)4, but still enables us to analyze the 
Keeling plot intercept on subdiurnal time scales.

4 These values refer to the whole three-month-dataset on 90 min time 
resolution after the data was filtered to remove outliers. The data filtering 
procedure based on absolute thresholds for δ13C (-32 and -26‰) that are 
motivated by the analysis of Keeling plots for the same raw data set with 
longer time spans per Keeling plot. Additional data filtering was based 
on relative thresholds for intercept standard errors for both δ-values 
(85-percentile) as an alternative to concentration range based filtering 
suggested.2,9  The motivation of this alternative (error based) filtering is the 
relationship between concentration range and standard error of δKP also 
discussed.11  

The Keeling plot intercepts δ13C across a full day shown for 
an example day in figure 6 vary between −26 and −29‰. 
The daytime Keeling plot intercepts show a slightly higher 
proportion of the heavier isotope and therefore higher 
δ-values, but also a higher temporal variability/noise than 
nighttime data. The generally higher values during daytime 
could be associated to photosynthetic discrimination of the 
heavier isotope (resulting in a heavier composition of the 
CO2 remaining in the atmosphere), but the generally more 
noisy signal of daytime-data weakens this interpretation and 

eco eco

KP KP

KP

might also reflect the limitations of the applicability of the 
main assumption of the Keeling plot analysis (the mixing of 
only two components). The diurnal variability of the Keeling 
plot intercept δ18O for the same day shows a more clear 
diurnal variation than for 13C, reflecting the exchange of 
18O between CO2 and soil and leaf water pools that are 
enriched during daytime.
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Figure 6. Example for the diurnal variation of the Keeling plot 
intercepts δKP for 13C and 18O.
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