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Rivers and other inland water systems represent
distinct ecosystems, geomorphological agents, sites

of biogeochemical storage and transformation, and con-
duits for material transport across continents and to the
oceans, and are linked with human health and economic
activity (Figures 1 and 2). Although the importance of
rivers in modulating the transfer of nutrients from the
land to coastal areas has long been recognized (Smith
and Hollibaugh 1993), rivers are typically considered as
passive “pipes” in regional and global budgets of carbon
(C) and weathering products (ie dissolved ions and sedi-
ment). Recent studies and syntheses have overturned

this view of rivers as passive transporters (Richey et al.
2002; Cole et al. 2007; Battin et al. 2009; Tranvik et al.
2009) and of weathering exports as unresponsive to
human impacts (Raymond et al. 2008). A key finding is
that the amount of C that rivers deliver to the oceans is
only a fraction of that entering rivers from terrestrial
ecosystems (Figure 3). Most of this C is returned to the
atmosphere in the form of carbon dioxide (CO2) before
reaching the oceans or is stored within river corridors as
sedimentary organic carbon (OC) after erosion and
transport from distant sites. Understanding the inter-
play between reactivity, transport, and coupling among
landscape components (ie uplands, riparian zones,
streams and rivers, wetlands, lakes, floodplains) is a fun-
damental challenge for characterizing the susceptibility
of riverine biogeochemical function to climate and land-
use change.

Here we concentrate on three important aspects of
water, C, and mineral cycles – linked together – to illus-
trate the role of rivers and other inland waters as biogeo-
chemical couplers of landscapes and Earth-system com-
ponents (ie continents, oceans, atmosphere):

(1) The lateral exports of C from terrestrial ecosystems by
streams and subsequent CO2 outgassing to the atmos-
phere, highlighting their increasingly recognized
importance for closing terrestrial net ecosystem C
balance (see Panel 1);

(2) The erosion, mixing, and burial of minerals and asso-
ciated OC, including the coupling of C sequestration
with geomorphological drivers;

(3) The influence of river exports of alkalinity and major
ions on coastal responses to ocean acidification,
including the effects of human perturbation within
watersheds on mineral weathering.

COUPLED BIOGEOCHEMICAL CYCLES

Riverine coupling of biogeochemical cycles
between land, oceans, and atmosphere 
Anthony K Aufdenkampe1*, Emilio Mayorga2, Peter A Raymond3, John M Melack4, Scott C Doney5,
Simone R Alin6, Rolf E Aalto7, and Kyungsoo Yoo8

Streams, rivers, lakes, and other inland waters are important agents in the coupling of biogeochemical cycles
between continents, atmosphere, and oceans. The depiction of these roles in global-scale assessments of
carbon (C) and other bioactive elements remains limited, yet recent findings suggest that C discharged to the
oceans is only a fraction of that entering rivers from terrestrial ecosystems via soil respiration, leaching, chemi-
cal weathering, and physical erosion. Most of this C influx is returned to the atmosphere from inland waters as
carbon dioxide (CO2) or buried in sedimentary deposits within impoundments, lakes, floodplains, and other
wetlands. Carbon and mineral cycles are coupled by both erosion–deposition processes and chemical weather-
ing, with the latter producing dissolved inorganic C and carbonate buffering capacity that strongly modulate
downstream pH, biological production of calcium-carbonate shells, and CO2 outgassing in rivers, estuaries, and
coastal zones. Human activities substantially affect all of these processes.

Front Ecol Environ 2011; 9(1): 53–60, doi:10.1890/100014

In a nutshell:
• Rivers and other inland waters receive, transport, process, and

return to the atmosphere amounts of carbon (C) of similar
magnitude to the net ecosystem C balance of the terrestrial
ecosystems in their watersheds 

• Burial of C on continents – within sedimentary deposits of
inland waters – is an order of magnitude greater than burial of
C in the oceans

• Human-accelerated chemical weathering of minerals in water-
sheds affects coastal-zone acidification
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to more than 10 000 ppm in lakes and reser-
voirs (Sobek et al. 2005; Marotta et al. 2009)
– with tropical waters typically exhibiting
higher concentrations of CO2 than temper-
ate waters, and rivers and wetlands typically
having higher concentrations of CO2 than
lakes (Table 1). These values show large net
freshwater-to-atmosphere CO2 fluxes, which
must be balanced by substantial inputs from
terrestrial systems, as either OC or CO2-rich
groundwater (Mayorga et al. 2005; Johnson
et al. 2008). The translation of water–air
CO2 gradients to areal fluxes requires multi-
plication by gas exchange velocities (k),
which vary as a function of turbulence in
the surface water and, to a lesser degree,
with temperature (Table 1 and WebPanel
1). The CO2 fluxes from one square meter of
surface water can therefore be much higher
than CO2 fluxes into one square meter of
the adjacent terrestrial ecosystem (Table 1).

Regional and global estimates of CO2 out-
gassing fluxes rely as much on estimates of
inland water area as on the CO2 fluxes per
unit area of surface water. Over the past few
years, our estimation of inland water area has
substantially increased as a result of (1)
improvements in remote-sensing approaches,
often combining data captured from multiple
airborne- and satellite-borne sensors to assess
flooding beneath vegetation (Hess et al. 2003; Prigent et al.
2007), and (2) compilations and algorithms to estimate
areal coverage of water bodies (Lehner and Döll 2004;
Downing 2009). Recent studies have more than doubled
the global land area known to be seasonally to perma-
nently inundated to over 20 million km2 (Lehner and Döll
2004; Downing 2009), an area roughly equivalent to 15%
of global land surfaces, excluding Antarctica and
Greenland (Table 1). These improved estimates of inun-
dated area translate to proportional increases in the magni-

tudes of outgassing fluxes.
Published estimates of the global flux of CO2 outgassing

from inland surface waters range from 0.75 to 1.4 peta-
grams of C per year (Pg C yr−1; Figure 3), which is globally
important when compared with estimates of net C accu-
mulation on continents (2.2 Pg C yr−1) or in the oceans
(2.2 Pg C yr−1; Cole and Caraco 2001; Cole et al. 2007;
Battin et al. 2009; Takahashi et al. 2009; Tranvik et al.
2009). Yet these CO2 fluxes from inland waters directly to
the atmosphere are rarely considered in global or regional

Figure 3. The coupling of land, oceans, and atmosphere by rivers, lakes, and
wetlands. All numbers are fluxes in units of Pg C yr−1, with values based on an
analysis by Battin et al. (2009); accumulation fluxes within both land and
ocean each equal 2.2 Pg C yr–1. The CO2 outgassing and continental burial
fluxes from Battin et al. (2009) are substantially larger than those published by
Cole et al. (2007), primarily on account of more complete consideration of
high-latitude lakes. A more balanced inclusion of tropical waters and wetlands,
and temperature dependencies on pCO2 and k, as we consider in Table 1,
would require a further increase in outgassing fluxes to the atmosphere. These
flux values have direct consequences to net C balances on land because of the
need to balance the global C budget.
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Panel 1. Terms of terrestrial ecosystem carbon budgeting
Net ecosystem production (NEP) is the difference between gross primary production and the community respiration of an ecosystem,
typically reported in units of C per unit time per unit area. NEP represents the amount of C available for storage or export over a given
time interval, with a positive value for net autotrophic ecosystems and a negative value for net heterotrophic ecosystems.  Although a
fundamental property of an ecosystem, NEP is challenging to measure over annual and decadal time scales. The historical approach for
terrestrial ecosystems has been to measure changes in C stocks in biomass and soils over many years, with the implicit assumption that
lateral C export is negligible. A more recent approach has been to deploy sensors for CO2 and wind on a tower – emerging from the
forest canopy – to take measurements of the turbulent vertical fluxes of CO2 every few seconds for a period of years. Data from these
“eddy covariance flux” towers are integrated to quantify the net amount of CO2 transported into the forest from the atmosphere, which
is known as net ecosystem exchange (NEE, where NEE < 0 represents a land sink for CO2). The assumption has been that lateral export
is negligible and that NEE equals NEP, but several new studies have called into question these assumptions and assert that lateral export
of C from terrestrial ecosystems – via rivers and other processes – may be substantial relative to NEP or NEE (Richey et al. 2002; Billett
et al. 2004; Cole et al. 2007; Ciais et al. 2008).  As a result, an effort has been made to remind the terrestrial ecosystem research commu-
nity of the original definition of NEP, which includes export (Lovett et al. 2006), and to introduce a less ambiguous term, net ecosystem
carbon balance (NECB), to describe only the flux of C available for local storage (Chapin et al. 2006).
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relationship between stream area and precipitation is driven mostly
by a strong positive correlation between stream width per Strahler stream
order and precipitation, and efforts that use a global average stream
width for all streams and rivers will therefore not capture higher sur-
face area of streams and rivers in wetter regions of the globe. Globally
we predict a 0.07% increase in the fraction of stream area for a 10-cm
increase in precipitation and a 0.02% decrease with an increase in tem-
perature by 1 uC (Supplementary Information). These correlations, which
have also been demonstrated with satellite measurements32, are impor-
tant to global change studies because they reveal a potential link between
water cycle changes and inland water surface area.

We first calculate a global stream and river surface area of 624,000 km2

(average of 487,000 and 761,000 km2, estimated using two different
hydraulic equations; Supplementary Information), or 0.47% of the Earth’s
land surface (Antarctica is excluded from this analysis). The estimate of
624,000 km2 does not include ephemeral and intermittent stream frac-
tion periods (Supplementary Information), which removed ,84,000 km2

of stream surface area from contributing to gas exchange. This is towards
the upper limit of a recent estimate of 485,000–662,000 km2 (ref. 33).
However, the latter study may not have captured first-order streams,
which are included here (Supplementary Information). Previous studies
also did not account for spatial variability in width and therefore pos-
sibly underestimated the contribution of surface area from wet regions
of the globe. Our analysis predicts a large (,15%) contribution to total
stream and river surface area from small streams (Supplementary
Table 1). We also corrected for the amount of frozen streams with little
gas exchange (the effective surface area; see Supplementary Informa-
tion), further reducing our estimate down to 536,000 km2 (Supplemen-
tary Information). Using this effective surface area weakens the strength
of the negative correlation between temperature and stream surface
area. High surface area is estimated in areas of the tropics and tempe-
rate regions of the globe (Fig. 1).

We estimate a global lake and reservoir surface area of 3,000,000 km2,
or 2.2% of the Earth’s surface, of which 91.3% is lakes and 8.7% is reser-
voirs. Our estimate was arrived at using a combination of empirical
data for large lakes with statistical models based on regional invento-
ries of smaller lakes (Supplementary Table 4). These estimates of surface
area are lower than a recent estimate34 but are proximate to others35. Our
lake surface area is lower than some recent estimates because we esti-
mate a smaller contribution from small lakes (Supplementary Table 4)
as a result of recent work demonstrating that the size distribution of
small lakes is independent of that of large lakes16. Combining lakes and
reservoirs with streams and rivers provides a total surface area of inland
waters of 3,620,000 km2. High coverage of lakes can be found in previ-
ously glaciated landscapes of temperate and arctic regions, and in moun-
tain regions, where glacial movements and tectonic activity have created
a multitude of depressions (Fig. 2). It should be noted that the estimate
of surface area does not include wetlands. We believe wetlands are func-
tionally different than inland waters because a canopy of vegetation can
alter the direction of atmospheric CO2 exchange.

Inland water CO2

Inland waters are generally supersaturated with CO2 with respect to
water in equilibrium with the atmosphere. Of the 6,708 stream and
river sampling locations for which at least one pCO2 value was calcu-
lated, 95% had a median pCO2 greater than atmospheric values (Sup-
plementary Information). The average of these median values was
,2,300matm, which increases to an average pCO2 of ,3,100matm after
discounting for potential biases in the calculation and normalizing inter-
polated pCO2 from each region to stream area (Supplementary Infor-
mation). It is important to note that we were not able to assign pCO2

by
stream order for this study. An average of 3,100matm is within the
range of ,1,300–4,300matm reported in previous regional or global
studies7,10,28,36. The concentration of CO2 in water was not found to
be strongly related to climatic or landscape variables (Supplementary
Information), which is consistent with a recent study for North America30,

which showed strong correlations with alkalinity and pH, but weaker
correlations between climatic variables and CO2.

We assembled 20,632 pCO2 observations from 7,939 lakes and reser-
voirs that were also generally supersaturated. Three groups of lakes
could be distinguished on the basis of pCO2 : non-tropical freshwater
lakes, tropical lakes and saline lakes. Reservoirs were treated as similar
to natural lakes because their pCO2 values have been shown to be ele-
vated only during the initial ,15 yr after impoundment37,38. Non-
tropical freshwater lakes had a median pCO2 of 1,120 matm and a mean
of 1,410matm (Supplementary Information). Tropical and saline lakes
were higher and lower in pCO2 , respectively (Supplementary Informa-
tion), although these lakes were not well represented in the data set
(1.5% and 0.8%, respectively). Also, the respective median values, 1,910
and 270matm, were significantly different than the mean values, 4,390
and 1,190matm, for tropical and saline lakes. We therefore used the
median values to upscale to lakes in tropical and endorheic regions,
owing to the potential for overestimation when calculating CO2 from
alkalinity and pH, and to avoid any bias from a few very high pCO2

values (Supplementary Information). In non-tropical freshwater lakes,
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Figure 1 | Maps of stream and river gas exchange parameters. a, pCO2 ;
b, effective surface area; c, stream gas transfer velocity; d, CO2 efflux (area
normalization is with respect to the area of each COSCAT region).

RESEARCH ARTICLE

3 5 6 | N A T U R E | V O L 5 0 3 | 2 1 N O V E M B E R 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

relationship between stream area and precipitation is driven mostly
by a strong positive correlation between stream width per Strahler stream
order and precipitation, and efforts that use a global average stream
width for all streams and rivers will therefore not capture higher sur-
face area of streams and rivers in wetter regions of the globe. Globally
we predict a 0.07% increase in the fraction of stream area for a 10-cm
increase in precipitation and a 0.02% decrease with an increase in tem-
perature by 1 uC (Supplementary Information). These correlations, which
have also been demonstrated with satellite measurements32, are impor-
tant to global change studies because they reveal a potential link between
water cycle changes and inland water surface area.

We first calculate a global stream and river surface area of 624,000 km2

(average of 487,000 and 761,000 km2, estimated using two different
hydraulic equations; Supplementary Information), or 0.47% of the Earth’s
land surface (Antarctica is excluded from this analysis). The estimate of
624,000 km2 does not include ephemeral and intermittent stream frac-
tion periods (Supplementary Information), which removed ,84,000 km2

of stream surface area from contributing to gas exchange. This is towards
the upper limit of a recent estimate of 485,000–662,000 km2 (ref. 33).
However, the latter study may not have captured first-order streams,
which are included here (Supplementary Information). Previous studies
also did not account for spatial variability in width and therefore pos-
sibly underestimated the contribution of surface area from wet regions
of the globe. Our analysis predicts a large (,15%) contribution to total
stream and river surface area from small streams (Supplementary
Table 1). We also corrected for the amount of frozen streams with little
gas exchange (the effective surface area; see Supplementary Informa-
tion), further reducing our estimate down to 536,000 km2 (Supplemen-
tary Information). Using this effective surface area weakens the strength
of the negative correlation between temperature and stream surface
area. High surface area is estimated in areas of the tropics and tempe-
rate regions of the globe (Fig. 1).

We estimate a global lake and reservoir surface area of 3,000,000 km2,
or 2.2% of the Earth’s surface, of which 91.3% is lakes and 8.7% is reser-
voirs. Our estimate was arrived at using a combination of empirical
data for large lakes with statistical models based on regional invento-
ries of smaller lakes (Supplementary Table 4). These estimates of surface
area are lower than a recent estimate34 but are proximate to others35. Our
lake surface area is lower than some recent estimates because we esti-
mate a smaller contribution from small lakes (Supplementary Table 4)
as a result of recent work demonstrating that the size distribution of
small lakes is independent of that of large lakes16. Combining lakes and
reservoirs with streams and rivers provides a total surface area of inland
waters of 3,620,000 km2. High coverage of lakes can be found in previ-
ously glaciated landscapes of temperate and arctic regions, and in moun-
tain regions, where glacial movements and tectonic activity have created
a multitude of depressions (Fig. 2). It should be noted that the estimate
of surface area does not include wetlands. We believe wetlands are func-
tionally different than inland waters because a canopy of vegetation can
alter the direction of atmospheric CO2 exchange.

Inland water CO2

Inland waters are generally supersaturated with CO2 with respect to
water in equilibrium with the atmosphere. Of the 6,708 stream and
river sampling locations for which at least one pCO2 value was calcu-
lated, 95% had a median pCO2 greater than atmospheric values (Sup-
plementary Information). The average of these median values was
,2,300matm, which increases to an average pCO2 of ,3,100matm after
discounting for potential biases in the calculation and normalizing inter-
polated pCO2 from each region to stream area (Supplementary Infor-
mation). It is important to note that we were not able to assign pCO2

by
stream order for this study. An average of 3,100matm is within the
range of ,1,300–4,300matm reported in previous regional or global
studies7,10,28,36. The concentration of CO2 in water was not found to
be strongly related to climatic or landscape variables (Supplementary
Information), which is consistent with a recent study for North America30,

which showed strong correlations with alkalinity and pH, but weaker
correlations between climatic variables and CO2.

We assembled 20,632 pCO2 observations from 7,939 lakes and reser-
voirs that were also generally supersaturated. Three groups of lakes
could be distinguished on the basis of pCO2 : non-tropical freshwater
lakes, tropical lakes and saline lakes. Reservoirs were treated as similar
to natural lakes because their pCO2 values have been shown to be ele-
vated only during the initial ,15 yr after impoundment37,38. Non-
tropical freshwater lakes had a median pCO2 of 1,120 matm and a mean
of 1,410matm (Supplementary Information). Tropical and saline lakes
were higher and lower in pCO2 , respectively (Supplementary Informa-
tion), although these lakes were not well represented in the data set
(1.5% and 0.8%, respectively). Also, the respective median values, 1,910
and 270matm, were significantly different than the mean values, 4,390
and 1,190matm, for tropical and saline lakes. We therefore used the
median values to upscale to lakes in tropical and endorheic regions,
owing to the potential for overestimation when calculating CO2 from
alkalinity and pH, and to avoid any bias from a few very high pCO2

values (Supplementary Information). In non-tropical freshwater lakes,
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Figure 1 | Maps of stream and river gas exchange parameters. a, pCO2 ;
b, effective surface area; c, stream gas transfer velocity; d, CO2 efflux (area
normalization is with respect to the area of each COSCAT region).
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Global carbon dioxide emissions from
inland waters
Peter A. Raymond1, Jens Hartmann2*, Ronny Lauerwald2,3*, Sebastian Sobek4*, Cory McDonald5, Mark Hoover1,
David Butman1,6, Robert Striegl6, Emilio Mayorga7, Christoph Humborg8, Pirkko Kortelainen9, Hans Dürr10, Michel Meybeck11,
Philippe Ciais12 & Peter Guth13

Carbon dioxide (CO2) transfer from inland waters to the atmosphere, known as CO2 evasion, is a component of the global
carbon cycle. Global estimates of CO2 evasion have been hampered, however, by the lack of a framework for estimating
the inland water surface area and gas transfer velocity and by the absence of a global CO2 database. Here we report
regional variations in global inland water surface area, dissolved CO2 and gas transfer velocity. We obtain global CO2 evasion
rates of 1.8 10.25

20.25 petagrams of carbon (Pg C) per year from streams and rivers and 0.32 10.52
20.26 Pg C yr21 from lakes and

reservoirs, where the upper and lower limits are respectively the 5th and 95th confidence interval percentiles. The
resulting global evasion rate of 2.1 Pg C yr21 is higher than previous estimates owing to a larger stream and river evasion
rate. Our analysis predicts global hotspots in stream and river evasion, with about 70 per cent of the flux occurring over just
20 per cent of the land surface. The source of inland water CO2 is still not known with certainty and new studies are needed to
research the mechanisms controlling CO2 evasion globally.

Quantifying the Earth’s global carbon cycle is essential for a sustain-
able future because CO2 has an active role in the Earth’s energy bud-
get. Natural ecosystems are important to this accounting because they
exchange large amounts of CO2 with the atmosphere and currently
offset ,4 Pg C yr21 of anthropogenic emissions1. Until now, estimates
of the global exchange of CO2 between inland waters and the atmo-
sphere have not been made using comprehensive, spatially resolved
efforts. It was shown definitively 30 years ago that CO2 in inland waters
calculated from alkalinity and pH were substantially higher than atmo-
spheric values2. Early direct measurements of large rivers and arctic
inland waters also demonstrated supersaturation3–6. The first regional
estimate of inland water degassing, which was for the Amazon, was not
reported until 20027. That study estimated the release of ,0.5 Pg C yr21

(ref. 7) from streams, rivers and wetlands of this region alone, and was
revised upwards to account for a large degree of CO2 supersaturation in
small headwater streams8. Recently, the total CO2 emitted from the conti-
guous United States streams and rivers was estimated at ,0.1 Pg C yr21,
extrapolated to 0.5 Pg C yr21 for temperate rivers between latitudes
25u and 50u north9.

There are few global estimates of inland waters CO2 evasion10–13. These
studies still place the efflux at only ,1 Pg C yr21 (refs 10–13), despite the
high fluxes estimated for temperate rivers and the Amazon. To date,
global exchange calculations are simple in nature and prone to uncer-
tainties in all three factors that determine inland water CO2 evasion:
the amount of CO2 in water; the global surface area of streams, rivers,
lakes and reservoirs; and the gas transfer velocity (k, a parameter that
relates to the physics that determines the rate of gas exchange). Recently,
studies have revisited the scaling of lake and reservoir surface area, using
new geospatial data sets14–16 that we adapted to produce spatially explicit

global maps of lake and reservoir surface area divided by size classes.
Other studies have also probed the controls on and the quantities of lake-
dissolved CO2 at the large catchment scale17–20, and have improved our
knowledge of the drivers of the gas transfer velocity in lake and reservoir
systems21,22, which we synthesized here for our global estimate.

Studies in rivers and streams have also progressed. Regional studies
have attempted a more systematic estimation of stream and river eva-
sion for Sweden, the United States and the Yukon River basin9,19,23. This
approach entails using stream scaling laws and high-resolution remote-
sensing information that exists for these regions. Although similar high-
resolution maps are not available globally for streams and rivers, we
provide a new spatially resolved global stream surface area and gas
transfer velocity using coarser global data sets that have recently been
developed24, combined with river scaling laws25,26, discharge estimates
for global drainage basins27 and new knowledge of the controls on the
gas transfer velocity for streams and rivers28,29.

We have combined these new approaches for estimating the global
inland water surface area and gas transfer velocity with a new global
data set of calculated values of the CO2 partial pressure, pCO2 (based
on the GloRiCh database30), to provide spatial maps of inland water
CO2 evasion along with uncertainty intervals. We perform our scaling
using the COSCAT (coastal segmentation and related catchment) drain-
age network segmentation framework31, which lends itself to drainage
basin analysis and allows for the spatial representation of this exchange.

Inland water surface area
We find a strong positive correlation between stream and river surface
area and precipitation, and a weaker negative relationship between
surface area and temperature (Supplementary Fig. 4). The robust

*These authors contributed equally to this work.

1Yale School of Forestry and Environmental Studies, 195 Prospect Street, New Haven, Connecticut 06511, USA. 2Institute for Geology, KlimaCampus, Universität Hamburg, D-20146 Hamburg, Germany.
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Water
Antibiotics: 0.04 – 6.80 ng.l-1
NSAIDS: 0.46 – 2,983.00 ng.l-1
Lipid Regulators: 0.01 – 43.00 ng.l-1
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TeaBag Index: a novel approach to collect uniform
decomposition data across ecosystems
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Summary

1. Changes in the balance between soil carbon storage and release can significantly amplify or attenuate global

warming. Although a lot of progress has been made in determining potential drivers of carbon release through

large-scale decomposition experiments, climate predictions are still hampered by data limitation at a global scale

as a result of high effort andmeasurement costs of comparative litter decomposition studies.

2. We introduce an innovative, cost-effective, well-standardised method to gather data on decomposition rate

and litter stabilisation using commercially available tea bags as standardised test kits. By using two tea types with

contrasting decomposability, we can construct a decomposition curve using a single measurement in time. The

acquired Tea Bag Index (TBI) consists of two parameters describing decomposition rate (k) and litter stabilisa-

tion factor (S).

3. The method was tested for its sensitivity and robustness in contrasting ecosystems and biomes, confirming

that the TBI is sensitive enough to discriminate between these systems.Within an ecosystem, TBI is responsive to

differences in abiotic circumstances such as soil temperature and moisture content. The collected k and S values

are in accordance with expectations based on decomposition process literature. They are therefore interpretable

within the current knowledge framework.

4. Tea Bag Index is a unique, multifunctional method requiring few resources and minimal prior knowledge.

The standardisation and simplicity of the method make it possible to collect comparable, globally distributed

data through crowdsourcing. TBI can further provide an excellent decomposition reference and has the potential

to increase reliability of soil carbon flux estimates based on extrapolations of decomposition data.

Key-words: climate change, crowdsourcing, field sampling, green tea, litter bag, litter decomposi-
tion, microbial ecology, rooibos tea

Introduction

Ecosystem carbon emissions are fundamentally driven by the

balance between primary production and respiration, much of

which is derived from decomposition of plant litter. The regu-

lating factors of theseprocesses are relativelywell studied, but it

remains a challenge to separate effects of environmental factors

ondecomposition from litter quality and litter trait effects.Glo-

bal climatemodels generally estimate terrestrial soil respiration

on the basis of relationships between climate and map-based

soil quality data (Sanchez et al. 2009). Thismethod leaves large

uncertainties due to the diverse interactions between decompo-

sition and climate driven by changes in CO2 concentration and

temperature. These uncertainties can only be resolved by a

more process-based evaluation of decomposition and the

related carbon efflux from soils (Heimann&Reichstein 2008).

Earlier efforts to obtain standardised global scale decompo-

sition data made use of different cellulose objects such as

cotton strips (Harrison, Latter & Walton 1988; Correll et al.

1997; Slocum, Roberts & Mendelssohn 2009). The relation to

litter decomposition can be weak as these methods do not

account for the complex chemical composition of plant litter,

ignoring interactions among the decay of cellulose and other

plant constituents (Tiegs et al. 2007; Fritz et al. 2011).

Only a handful of studies have used plant litter to test

decomposition on a global scale (Berg et al. 1993; Trofymow

et al. 2002; Parton et al. 2007). They show that the combina-

tion of temperature and moisture can explain 50–70% of the

variation in decomposition. These studies used coarse grids,

sampling 20–39 locations in 1–7 biomes, often not spanning

the whole North to South gradient or lacking extreme environ-
*Correspondence author. E-mail: j.a.keuskamp@uu.nl
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ments (Berg et al. 1993; Trofymow et al. 2002; Parton et al.

2007). Testing the current generation of climate models with

the litter decomposition data obtained from these studies

(Bonan et al. 2012) revealed that there is a strong need for

higher resolution measurements with a global coverage to

increase the predictive power of such models (Bonan et al.

2012; Stockmann et al. 2013).

The approach described here uses a standardised plant litter

tomeasure decomposition and stabilisation at a scale and reso-

lution not previously possible. The key component of the

approach is the use of commercially available tea bags (Fig. 1)

as highly standardised test kits containing tea as representative

dead plant material. Uniquely, this method enables the genera-

tion of a global database with the participation of volunteers

worldwide. The gathered data can be used to compute a Tea

Bag Index (TBI) that provides process-driven information on

soil functions at local, regional and global scales. TBI is

determined through a simplified litter bag experiment (Wieder

& Lang 1982) which involves burial of green and rooibos tea

bags, followed by measurement of mass loss after a period

of time.

The TBI has two primary applications. First, it is an

attainable way to increase the resolution of decomposition

measurements. Secondly, TBI is a useful reference alongside

decomposition studies to disentangle litter quality aspects from

the full set of environmental conditions constituting the

‘decompositionmatrix’. Theuse ofTBI as a reference facilitates

data comparison between biomes, ecosystems and soil types.

Materials andmethods

TEA MATERIAL

A simplified litter bag experiment was carried out with commercially

available tetrahedron-shaped synthetic tea bags with sides of 5 cm con-

taining c. 2 g of green tea or rooibos tea (Lipton, Unilever; Fig. 1). The

green tea consisted of 89% green tea, and the rooibos tea consisted of

93% rooibos: both were supplemented with natural flavouring. Mesh

size of 0!25 mm allowed microorganisms and mesofauna to enter the

bags, but excludedmacrofauna (Set€al€a,Marshall &Trofymow 1996).

CHEMICAL ANALYSES

Green tea and rooibos tea were analysed for carbon fractions using

a sequential extraction technique (Ryan, Melillo & Ricca 1990).

Four fractions were determined by sequential extraction: nonpolar

extractives (NPE), water solubles (WS), acid solubles (AS), and acid

insolubles (AIS). The NPE (e.g. fats and waxes) and WS (e.g. sim-

ple sugars and phenolics) fractions were continuously extracted for

24 h using a Soxhlet apparatus with dichloromethane followed by

deionised water as solvents. Sulphuric acid (72%) was used to

extract the AS (e.g. cellulose) fraction. The remaining material [AIS

(e.g. lignin) and ash] was combusted at 550°C to determine the ash

content. The hydrolysable fraction H is defined as the sum of the

NPE, WS and AS fractions (Table 1). H is assumed to be rapidly

decomposable in contrast with the recalcitrant nonhydrolysable

fraction (AIS and ash).

Total carbon and nitrogen content was measured on the oven-dried

(70 °C) ground tea with a CHN-analyser (EA NA 1110; Carlo Erba,

Milan, Italy).

Fig. 1. Tetrahedron-shaped synthetic tea bags used for Tea Bag Index
(TBI) experiments.

Table 1. Results from ANOVAs of quality parameters and weights of four batches of green tea and rooibos tea with different production numbers
(N = 3). Asterisks denote significance levels (*P<0!05, **P<0!01, ***P<0!001)

Green tea Rooibos tea

Mean " SD F(3,8) P Mean" SD F(3,8) P

Nonpolar extractable fraction (g g# 1) 0!066 " 0!003 5!062 0!030* 0!049 " 0!013 12!950 0!002 **
Water soluble fraction (g g# 1) 0!493 " 0!021 0!975 0!451 0!215 " 0!009 0!418 0!745
Acid soluble fraction (g g# 1) 0!283 " 0!017 0!625 0!618 0!289 " 0!040 2!149 0!172
Acid insoluble fraction (g g# 1) 0!156 " 0!009 0!356 0!787 0!444 " 0!040 1!166 0!381
Mineral fraction (g g# 1) 0!002 " 0!0009 7!084 0!012* 0!004 " 0!0006 3!158 0!086
Hydrolysable fraction (H) (g g# 1) 0!842 " 0!023 0!295 0!828 0!552 " 0!050 1!189 0!374
Total carbon (%) 49!055 " 0!109 0!243 0!864 50!511 " 0!286 2!769 0!111
Total nitrogen (%) 4!019 " 0!049 0!151 0!926 1!185 " 0!048 0!727 0!564
C : N ratio 12!229 " 0!129 0!145 0!930 42!870 " 1!841 0!774 0!541
Total tea bag weight (g) 2!019 " 0!026 1!260 0!351 2!152 " 0!013 0!848 0!506
Empty bagweight (g) 0!246 " 0!001 2!058 0!184 0!245 " 0!001 0!487 0!701
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a b s t r a c t

Litter decomposition is a vital part of the global carbon cycle as it determines not only the amount of
carbon to be sequestered, but also how fast carbon re-enters the cycle. Freshwater systems play an active
role in the carbon cycle as it receives, and decomposes, terrestrial litter material alongside decomposing
aquatic plant litter. Decomposition of organic matter in the aquatic environment is directly controlled by
water temperature and nutrient availability, which are continuously affected by global change.

We adapted the Tea Bag Index (TBI), a highly standardized methodology for determining soil
decomposition, for lakes by incorporating a leaching factor. By placing Lipton pyramid tea bags in the
aquatic environment for 3 h, we quantified the period of intense leaching which usually takes place prior
to litter (tea) decomposition. Standard TBI methodology was followed after this step to determine how
fast decomposition takes place (decomposition rate, k1) and how much of the material cannot be broken
down and is thus sequestered (stabilization factor, S). A Citizen Science project was organized to test the
aquatic TBI in 40 European lakes located in four climate zones, ranging from oligotrophic to hyper-
eutrophic systems. We expected that warmer and/or eutrophic lakes would have a higher decomposition
rate and a more efficient microbial community resulting in less tea material to be sequestered.

The overall high decomposition rates (k1) found confirm the active role lakes play in the global carbon
cycle. Across climate regions the lakes in the warmer temperate zone displayed a higher decomposition
rate (k1) compared to the colder lakes in the continental and polar zones. Across trophic states,
decomposition rates were higher in eutrophic lakes compared to oligotrophic lakes. Additionally, the
eutrophic lakes showed a higher stabilization (S), thus a less efficient microbial community, compared to
the oligotrophic lakes, although the variation within this group was high. Our results clearly show that
the TBI can be used to adequately assess the decomposition process in aquatic systems. Using “alien
standard litter” such as tea provides a powerful way to compare decomposition across climates, trophic
states and ecosystems.

By providing standardized protocols, a website, as well as face to face meetings, we also showed that
collecting scientifically relevant data can go hand in hand with increasing scientific and environmental

* Corresponding author. Department of Aquatic Ecology, Netherlands Institute of
Ecology (NIOO-KNAW), Wageningen, the Netherlands.

E-mail addresses: l.seelen@nioo.knaw.nl, laura.seelen@gmail.com
(L.M.S. Seelen).

Contents lists available at ScienceDirect

Water Research

journal homepage: www.elsevier .com/locate/watres

https://doi.org/10.1016/j.watres.2018.11.081
0043-1354/© 2018 Elsevier Ltd. All rights reserved.

Water Research 151 (2019) 31e43

Water depth, macrophyte cover or thickness of the organic matter
layer on top of the sediment did not significantly influence the
leaching factor. To determine the decomposition constant and
stabilization factor using the TBI in an aquatic environment, this
leaching fraction, specific for the position of the tea bags in the
water column (resulting in pelagic, littoral and sediment fraction),
was used to correct the initial tea weight.

Recreating the decomposition dynamics of rooibos and green
tea in an aquatic environment required amulti-harvest approach as
previously described by Keuskamp et al. (2013) (Fig. 3). Green tea
decomposed relatively fast and began to level off after 30e60 days
depending on the location in the water column. Rooibos tea
decomposed much slower and only started to level off at the end of
the experiment (±130 days). As green tea reached its limit value
relatively fast, it allowed for estimation of S, while rooibos was still
being actively decomposed allowing the estimation of k1. Based on
these results the TBI incubations for the across site assessment
where kept at 90 days, similar to the standard TBI protocol for soils.

4.2. Rolling out to larger scale using citizen science

4.2.1. Decomposition constant (k1) and stabilization factor (S)
The calculated decomposition constant (k1) and stabilization

factor (S) per lakewas compared to the range of k1 and S as found by
Keuskamp et al. (2013). The values for S found in our experiment
ranged from !0.39 to 0.8 (average 0.106± 0.191 SD). The decom-
position constant (k1) values calculated in our experiment ranged
from 0.00001 to 0.06 day!1 (average 0.0078 day!1± 0.0067 SD).
These values are somewhat higher than the ones obtained by
Keuskamp et al. (2013) (Fig. 4).

4.2.2. Decomposition and spatial variability in lakes
We placed tea bags at different positions in the lake i.e. in the

pelagic, in the littoral between aquatic plants, and buried in the lake
sediment, to follow different decomposing communities. A signif-
icant difference was found for relative mass loss of rooibos tea
(p¼ 0.002) and for the relative mass loss of green tea (p¼ 0.001)

between the pelagic, littoral and sediment in lake zones. Likewise, a
significant difference between these positions in the water column
was found for the stabilization factor S (p¼ 0.042) and for the
decomposition constant k1 (p¼ 0.045).

4.2.3. Climate region
After correcting for the overrepresentation of the temperate

regionwithout a dry season (Cf), a significant difference among the
relative weight loss per rooibos tea bag was found (p< 0.0001),
which resulted in a significant difference for decomposition factor
(k1) among climate regions (p¼ 0.0007, Fig. 5A). No significant
difference in the rate at which green tea decomposed across the
climate regions was found (p¼ 0.052), consequently, no significant
climate region effect in the stabilization factor S (p¼ 0.078) was
found. The temperate regions (Cf and Cs) had significantly higher
decomposition rates than the cold continental region (Df) and polar
region (ET) (p< 0.05).

4.2.4. Trophic gradient
The trophic state index could not be calculated for 8 of the 40

lakes as no Secchi depth was available during the tea bag incuba-
tion period. Twelve oligotrophic and 17 eutrophic lakes were sub-
sampled and tested against 7 mesotrophic lakes per tested
parameter. Hypereutrophic lakes (n¼ 2) and lakes where trophic
state could not be determined were excluded from the analysis.
Significant differences among trophic state were found in mass loss
of rooibos tea (p¼ 0.026) and for the decomposition constant k1
(p¼ 0.012). On average, a higher decomposition rate was found in
eutrophic lakes, however the highest decomposition rates were
found in an oligotrophic lake (p< 0.05). Additionally, a significance
difference of mass loss of green tea were found (p¼ 0.007), leading
to a significant difference for stabilization factor S (p¼ 0.004) over
trophic states (Fig. 5B). Eutrophic sites had significantly higher
stabilization constants that oligotrophic and mesotrophic sites
(p< 0.05).

Fig. 3. Relative mass remaining of rooibos and green tea as measured in shallow lake in different positions in the water column (Pelagic, hanging in the water column; littoral,
laying on top of the sediment; sediment, buried 8 cm in the sediment). The tea bags were retrieved after 3 h, and 27, 89 and 136 days of incubation (n¼ 45). Lines show fitting to
exponential decay function (eq (1)).Vertical bars represent standard errors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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To be able to assign trophic state to each of the participating
lakes, volunteers were asked to measure Secchi depth. Using the
trophic state index (TSI) for lakes (Carlson, 1977), Secchi depths
were converted to a trophic state index using equation (3).

TSI ¼ 10ð6 # lnSD
ln2

Þ eq. 3

Where TSI¼ Trophic State Index and SD ¼ Secchi disk depth (m). A
TSI score of above 70 indicates a hypereutrophic lake, a score be-
tween 50 and 70 is classified as eutrophic, between 40 and 50 as
mesotrophic and below 40 as oligotrophic.

In total across our lakes, 105 sites were chosen to determine the
decomposition rate and stabilization constant. Of these 105 sites,
60 sites were located in the littoral zone, 34 sites in the pelagic and
11 sites in the sediment (Appendix A). Each site was composed of
2e5 tea bag pairs.

Of the deployed teabags, 313 tea bag pairs where used for
further analysis. Causes of exclusion included loss of tea bags due to
vandalism or weather conditions or inaccurate final tea weight
determination due to trapped macrofauna, sediment particles or
biofilm formation.

3.2.2. Data analyses
Differences in fraction mass loss for green and rooibos tea

among climate zones and TSI was tested using an ANOVA, modified
to use permutation tests instead of normal theory tests (aovp). This
same test was used to determine differences among the decom-
position constant (k1) and stabilization factor (S) between climate

regions, TSI and position in the water column. To avoid pseudor-
eplication (Hurlbert, 1984), we used “lake position in the water
column” as our experimental unit, allowing us to test for differ-
ences in decomposition at lake zones across a climatic and trophic
gradient. As we expected that our unbalanced design could have an
effect on the outcome of our analyses, we ran a separate analyses
where we randomly selected 5 lakes in the Cf climatic region
(temperate climate without a dry season; overrepresented in our
dataset) and all other climate regions were retained in the original
sample size.

All analyses were carried out using R version 3.2.3 with base
package stats and the dplyr v0.4.3, lmPerm v2.1.0, ggplot2 v2.2.1
and minpack.lm v1.2-0 package (Wickham, 2009; Elzhov et al.
2015; R core Team, 2015; Wickham and Francois, 2015; Wheeler
and Torchiano, 2016).

4. Results

4.1. Developing the Tea Bag Index method for the aquatic
environment

The average weight loss of tea bags placed in a shallow eutro-
phic lake for 3 h differed based on the location. On average,
0.243mg (±0.059 SD) of green tea and 0.098mg (±0.030 SD) of
rooibos tea was leached from the tea bags over the 3 h (Table 1).
Additionally, the leaching fraction differed significantly between
the tea bags placed in the pelagic zone and tea bags placed in the
littoral zone or buried 8 cm in the sediment (Fig. 2, p¼ 0.003).

Table 1
Weight loss (grams and fraction of start weight) of green tea and rooibos tea during a 3 h leaching event. Tea bags were placed at 3 locations in the lake; pelagic zone± 5 cm
under de water surface, in the littoral between submerged plants, and buried 8 cm in the sediment according to the standard TBI protocol (mean± SD).

Green tea Rooibos tea

grams fraction grams fraction

Pelagic 0.581 (±0.042) 0.280 (±0.014) 0.252 (±0.044) 0.113 (±0.019)
Littoral 0.454 (±0.170) 0.218 (±0.081) 0.199 (±0.083) 0.090 (±0.037)
Sediment 0.480 (±0.080) 0.230 (±0.037) 0.201 (±0.057) 0.090 (±0.025)
Lake average 0.505 (±0.124) 0.243 (±0.059) 0.217 (±0.068) 0.098 (±0.030)

Fig. 2. Fraction mass loss of green tea and rooibos tea relative to start weight after 3 h submersion to capture the period of intense leaching in pond Wadi, Wageningen, the
Netherlands. Position indicates the difference between placing the tea bags buried 8 cm in the sediment (S), laying on top of the sediment - littoral zone (L) or hanging in the water
column e pelagic zone (P). Letters indicate significant pairwise differences between the different positions and tea types (p< 0.05). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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PharmaTea Trial Experiment
Head-Space

• 1 Lipton Green Sencha Tea Bag
• 1 Lipton Rooibos Tea Bag

100 ml Agar (2 %) Gel
This contains either:
• Nothing (Control)
• 68.9 mmol dose of Trimethoprim
• 68.9 mmol dose of Estradiol
• 68.9 mmol dose of Trimethoprim + 

68.9 mmol dose of Estradiol

Delivered an effective dose of 280 nmol of each pharmaceutical per day 



PharmaTea Trial Experiment

p < 0.002

p < 0.003

p < 0.003

R2 = 0.225 R2 = 0.326



PharmaTea Trial Experiment

p <  0.003

p < 0.003

p < 0.001

p = 0.025

R2 = 0.305 R2 = 0.326



In a takeaway cup….
TeaBag Index has potential as an ecotoxicological monitoring tool both for
• A priori assessment of environmental sensitivity across catchments 
• Quantifying the impacts of point and diffuse sources of pollution.
• As a Citizen Science tool for water quality monitoring

Continuous low doses of Trimethoprim (antibiotic) and estradiol (endocrine 
disruptor) limit Organic Matter degradation at the streambed.

Questions:
Spatial variations across a catchment and between catchments?
Dose-response and Temporal response curves?
Interactions between pharmaceuticals and other pollutants (pesticides, herbicides, 
surfactants, heavy metals etc.)?

ments (Berg et al. 1993; Trofymow et al. 2002; Parton et al.

2007). Testing the current generation of climate models with

the litter decomposition data obtained from these studies

(Bonan et al. 2012) revealed that there is a strong need for

higher resolution measurements with a global coverage to

increase the predictive power of such models (Bonan et al.

2012; Stockmann et al. 2013).

The approach described here uses a standardised plant litter

tomeasure decomposition and stabilisation at a scale and reso-

lution not previously possible. The key component of the

approach is the use of commercially available tea bags (Fig. 1)

as highly standardised test kits containing tea as representative

dead plant material. Uniquely, this method enables the genera-

tion of a global database with the participation of volunteers

worldwide. The gathered data can be used to compute a Tea

Bag Index (TBI) that provides process-driven information on

soil functions at local, regional and global scales. TBI is

determined through a simplified litter bag experiment (Wieder

& Lang 1982) which involves burial of green and rooibos tea

bags, followed by measurement of mass loss after a period

of time.

The TBI has two primary applications. First, it is an

attainable way to increase the resolution of decomposition

measurements. Secondly, TBI is a useful reference alongside

decomposition studies to disentangle litter quality aspects from

the full set of environmental conditions constituting the

‘decompositionmatrix’. Theuse ofTBI as a reference facilitates

data comparison between biomes, ecosystems and soil types.

Materials andmethods

TEA MATERIAL

A simplified litter bag experiment was carried out with commercially

available tetrahedron-shaped synthetic tea bags with sides of 5 cm con-

taining c. 2 g of green tea or rooibos tea (Lipton, Unilever; Fig. 1). The

green tea consisted of 89% green tea, and the rooibos tea consisted of

93% rooibos: both were supplemented with natural flavouring. Mesh

size of 0!25 mm allowed microorganisms and mesofauna to enter the

bags, but excludedmacrofauna (Set€al€a,Marshall &Trofymow 1996).

CHEMICAL ANALYSES

Green tea and rooibos tea were analysed for carbon fractions using

a sequential extraction technique (Ryan, Melillo & Ricca 1990).

Four fractions were determined by sequential extraction: nonpolar

extractives (NPE), water solubles (WS), acid solubles (AS), and acid

insolubles (AIS). The NPE (e.g. fats and waxes) and WS (e.g. sim-

ple sugars and phenolics) fractions were continuously extracted for

24 h using a Soxhlet apparatus with dichloromethane followed by

deionised water as solvents. Sulphuric acid (72%) was used to

extract the AS (e.g. cellulose) fraction. The remaining material [AIS

(e.g. lignin) and ash] was combusted at 550°C to determine the ash

content. The hydrolysable fraction H is defined as the sum of the

NPE, WS and AS fractions (Table 1). H is assumed to be rapidly

decomposable in contrast with the recalcitrant nonhydrolysable

fraction (AIS and ash).

Total carbon and nitrogen content was measured on the oven-dried

(70 °C) ground tea with a CHN-analyser (EA NA 1110; Carlo Erba,

Milan, Italy).

Fig. 1. Tetrahedron-shaped synthetic tea bags used for Tea Bag Index
(TBI) experiments.

Table 1. Results from ANOVAs of quality parameters and weights of four batches of green tea and rooibos tea with different production numbers
(N = 3). Asterisks denote significance levels (*P<0!05, **P<0!01, ***P<0!001)

Green tea Rooibos tea

Mean " SD F(3,8) P Mean" SD F(3,8) P

Nonpolar extractable fraction (g g# 1) 0!066 " 0!003 5!062 0!030* 0!049 " 0!013 12!950 0!002 **
Water soluble fraction (g g# 1) 0!493 " 0!021 0!975 0!451 0!215 " 0!009 0!418 0!745
Acid soluble fraction (g g# 1) 0!283 " 0!017 0!625 0!618 0!289 " 0!040 2!149 0!172
Acid insoluble fraction (g g# 1) 0!156 " 0!009 0!356 0!787 0!444 " 0!040 1!166 0!381
Mineral fraction (g g# 1) 0!002 " 0!0009 7!084 0!012* 0!004 " 0!0006 3!158 0!086
Hydrolysable fraction (H) (g g# 1) 0!842 " 0!023 0!295 0!828 0!552 " 0!050 1!189 0!374
Total carbon (%) 49!055 " 0!109 0!243 0!864 50!511 " 0!286 2!769 0!111
Total nitrogen (%) 4!019 " 0!049 0!151 0!926 1!185 " 0!048 0!727 0!564
C : N ratio 12!229 " 0!129 0!145 0!930 42!870 " 1!841 0!774 0!541
Total tea bag weight (g) 2!019 " 0!026 1!260 0!351 2!152 " 0!013 0!848 0!506
Empty bagweight (g) 0!246 " 0!001 2!058 0!184 0!245 " 0!001 0!487 0!701

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution
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In a takeaway cup….
TeaBag Index has potential as an ecotoxicological monitoring tool both for
• A priori assessment of environmental sensitivity across catchments 
• Quantifying the impacts of point and diffuse sources of pollution.
• As a Citizen Science tool for water quality monitoring

Continuous low doses of Trimethoprim (antibiotic) and estradiol (endocrine 
disruptor) limit Organic Matter degradation at the streambed.

Questions:
Spatial variations across a catchment and between catchments?
Dose-response and Temporal response curves?
Interactions between pharmaceuticals and other pollutants (pesticides, herbicides, 
surfactants, heavy metals etc.)?

ments (Berg et al. 1993; Trofymow et al. 2002; Parton et al.

2007). Testing the current generation of climate models with

the litter decomposition data obtained from these studies

(Bonan et al. 2012) revealed that there is a strong need for

higher resolution measurements with a global coverage to

increase the predictive power of such models (Bonan et al.

2012; Stockmann et al. 2013).

The approach described here uses a standardised plant litter

tomeasure decomposition and stabilisation at a scale and reso-

lution not previously possible. The key component of the

approach is the use of commercially available tea bags (Fig. 1)

as highly standardised test kits containing tea as representative

dead plant material. Uniquely, this method enables the genera-

tion of a global database with the participation of volunteers

worldwide. The gathered data can be used to compute a Tea

Bag Index (TBI) that provides process-driven information on

soil functions at local, regional and global scales. TBI is

determined through a simplified litter bag experiment (Wieder

& Lang 1982) which involves burial of green and rooibos tea

bags, followed by measurement of mass loss after a period

of time.

The TBI has two primary applications. First, it is an

attainable way to increase the resolution of decomposition

measurements. Secondly, TBI is a useful reference alongside

decomposition studies to disentangle litter quality aspects from

the full set of environmental conditions constituting the

‘decompositionmatrix’. Theuse ofTBI as a reference facilitates

data comparison between biomes, ecosystems and soil types.

Materials andmethods

TEA MATERIAL

A simplified litter bag experiment was carried out with commercially

available tetrahedron-shaped synthetic tea bags with sides of 5 cm con-

taining c. 2 g of green tea or rooibos tea (Lipton, Unilever; Fig. 1). The

green tea consisted of 89% green tea, and the rooibos tea consisted of

93% rooibos: both were supplemented with natural flavouring. Mesh

size of 0!25 mm allowed microorganisms and mesofauna to enter the

bags, but excludedmacrofauna (Set€al€a,Marshall &Trofymow 1996).

CHEMICAL ANALYSES

Green tea and rooibos tea were analysed for carbon fractions using

a sequential extraction technique (Ryan, Melillo & Ricca 1990).

Four fractions were determined by sequential extraction: nonpolar

extractives (NPE), water solubles (WS), acid solubles (AS), and acid

insolubles (AIS). The NPE (e.g. fats and waxes) and WS (e.g. sim-

ple sugars and phenolics) fractions were continuously extracted for

24 h using a Soxhlet apparatus with dichloromethane followed by

deionised water as solvents. Sulphuric acid (72%) was used to

extract the AS (e.g. cellulose) fraction. The remaining material [AIS

(e.g. lignin) and ash] was combusted at 550°C to determine the ash

content. The hydrolysable fraction H is defined as the sum of the

NPE, WS and AS fractions (Table 1). H is assumed to be rapidly

decomposable in contrast with the recalcitrant nonhydrolysable

fraction (AIS and ash).

Total carbon and nitrogen content was measured on the oven-dried

(70 °C) ground tea with a CHN-analyser (EA NA 1110; Carlo Erba,

Milan, Italy).

Fig. 1. Tetrahedron-shaped synthetic tea bags used for Tea Bag Index
(TBI) experiments.

Table 1. Results from ANOVAs of quality parameters and weights of four batches of green tea and rooibos tea with different production numbers
(N = 3). Asterisks denote significance levels (*P<0!05, **P<0!01, ***P<0!001)

Green tea Rooibos tea

Mean " SD F(3,8) P Mean" SD F(3,8) P

Nonpolar extractable fraction (g g# 1) 0!066 " 0!003 5!062 0!030* 0!049 " 0!013 12!950 0!002 **
Water soluble fraction (g g# 1) 0!493 " 0!021 0!975 0!451 0!215 " 0!009 0!418 0!745
Acid soluble fraction (g g# 1) 0!283 " 0!017 0!625 0!618 0!289 " 0!040 2!149 0!172
Acid insoluble fraction (g g# 1) 0!156 " 0!009 0!356 0!787 0!444 " 0!040 1!166 0!381
Mineral fraction (g g# 1) 0!002 " 0!0009 7!084 0!012* 0!004 " 0!0006 3!158 0!086
Hydrolysable fraction (H) (g g# 1) 0!842 " 0!023 0!295 0!828 0!552 " 0!050 1!189 0!374
Total carbon (%) 49!055 " 0!109 0!243 0!864 50!511 " 0!286 2!769 0!111
Total nitrogen (%) 4!019 " 0!049 0!151 0!926 1!185 " 0!048 0!727 0!564
C : N ratio 12!229 " 0!129 0!145 0!930 42!870 " 1!841 0!774 0!541
Total tea bag weight (g) 2!019 " 0!026 1!260 0!351 2!152 " 0!013 0!848 0!506
Empty bagweight (g) 0!246 " 0!001 2!058 0!184 0!245 " 0!001 0!487 0!701
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TeaBag Index has potential as an ecotoxicological monitoring tool both for
• A priori assessment of environmental sensitivity across catchments 
• Quantifying the impacts of point and diffuse sources of pollution.
• As a Citizen Science tool for water quality monitoring

Continuous low doses of Trimethoprim (antibiotic) and estradiol (endocrine 
disruptor) limit Organic Matter degradation at the streambed.

Questions:
Spatial variations across a catchment and between catchments?
Dose-response and Temporal response curves?
Interactions between pharmaceuticals and other pollutants (pesticides, herbicides, 
surfactants, heavy metals etc.)?

ments (Berg et al. 1993; Trofymow et al. 2002; Parton et al.

2007). Testing the current generation of climate models with

the litter decomposition data obtained from these studies

(Bonan et al. 2012) revealed that there is a strong need for

higher resolution measurements with a global coverage to

increase the predictive power of such models (Bonan et al.

2012; Stockmann et al. 2013).

The approach described here uses a standardised plant litter

tomeasure decomposition and stabilisation at a scale and reso-

lution not previously possible. The key component of the

approach is the use of commercially available tea bags (Fig. 1)

as highly standardised test kits containing tea as representative

dead plant material. Uniquely, this method enables the genera-

tion of a global database with the participation of volunteers

worldwide. The gathered data can be used to compute a Tea

Bag Index (TBI) that provides process-driven information on

soil functions at local, regional and global scales. TBI is

determined through a simplified litter bag experiment (Wieder

& Lang 1982) which involves burial of green and rooibos tea

bags, followed by measurement of mass loss after a period

of time.

The TBI has two primary applications. First, it is an

attainable way to increase the resolution of decomposition

measurements. Secondly, TBI is a useful reference alongside

decomposition studies to disentangle litter quality aspects from

the full set of environmental conditions constituting the

‘decompositionmatrix’. Theuse ofTBI as a reference facilitates

data comparison between biomes, ecosystems and soil types.

Materials andmethods

TEA MATERIAL

A simplified litter bag experiment was carried out with commercially

available tetrahedron-shaped synthetic tea bags with sides of 5 cm con-

taining c. 2 g of green tea or rooibos tea (Lipton, Unilever; Fig. 1). The

green tea consisted of 89% green tea, and the rooibos tea consisted of

93% rooibos: both were supplemented with natural flavouring. Mesh

size of 0!25 mm allowed microorganisms and mesofauna to enter the

bags, but excludedmacrofauna (Set€al€a,Marshall &Trofymow 1996).

CHEMICAL ANALYSES

Green tea and rooibos tea were analysed for carbon fractions using

a sequential extraction technique (Ryan, Melillo & Ricca 1990).

Four fractions were determined by sequential extraction: nonpolar

extractives (NPE), water solubles (WS), acid solubles (AS), and acid

insolubles (AIS). The NPE (e.g. fats and waxes) and WS (e.g. sim-

ple sugars and phenolics) fractions were continuously extracted for

24 h using a Soxhlet apparatus with dichloromethane followed by

deionised water as solvents. Sulphuric acid (72%) was used to

extract the AS (e.g. cellulose) fraction. The remaining material [AIS

(e.g. lignin) and ash] was combusted at 550°C to determine the ash

content. The hydrolysable fraction H is defined as the sum of the

NPE, WS and AS fractions (Table 1). H is assumed to be rapidly

decomposable in contrast with the recalcitrant nonhydrolysable

fraction (AIS and ash).

Total carbon and nitrogen content was measured on the oven-dried

(70 °C) ground tea with a CHN-analyser (EA NA 1110; Carlo Erba,

Milan, Italy).

Fig. 1. Tetrahedron-shaped synthetic tea bags used for Tea Bag Index
(TBI) experiments.

Table 1. Results from ANOVAs of quality parameters and weights of four batches of green tea and rooibos tea with different production numbers
(N = 3). Asterisks denote significance levels (*P<0!05, **P<0!01, ***P<0!001)

Green tea Rooibos tea

Mean " SD F(3,8) P Mean" SD F(3,8) P

Nonpolar extractable fraction (g g# 1) 0!066 " 0!003 5!062 0!030* 0!049 " 0!013 12!950 0!002 **
Water soluble fraction (g g# 1) 0!493 " 0!021 0!975 0!451 0!215 " 0!009 0!418 0!745
Acid soluble fraction (g g# 1) 0!283 " 0!017 0!625 0!618 0!289 " 0!040 2!149 0!172
Acid insoluble fraction (g g# 1) 0!156 " 0!009 0!356 0!787 0!444 " 0!040 1!166 0!381
Mineral fraction (g g# 1) 0!002 " 0!0009 7!084 0!012* 0!004 " 0!0006 3!158 0!086
Hydrolysable fraction (H) (g g# 1) 0!842 " 0!023 0!295 0!828 0!552 " 0!050 1!189 0!374
Total carbon (%) 49!055 " 0!109 0!243 0!864 50!511 " 0!286 2!769 0!111
Total nitrogen (%) 4!019 " 0!049 0!151 0!926 1!185 " 0!048 0!727 0!564
C : N ratio 12!229 " 0!129 0!145 0!930 42!870 " 1!841 0!774 0!541
Total tea bag weight (g) 2!019 " 0!026 1!260 0!351 2!152 " 0!013 0!848 0!506
Empty bagweight (g) 0!246 " 0!001 2!058 0!184 0!245 " 0!001 0!487 0!701
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