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INTRODUCTION ExpeERProtocol Handbook

INTRODUCTION

Les Firbank, Mark Frenzel, David Blankman & Bill Kunin

The ExpeER Project

ExpeER (Experimentation in Ecosystem Research) is a Europ@astructure project
(20102014) which aims to bring togetherthe major observational, experimental, analytical
and modeling facilities in ecosystem science in Europe. By uniting these highly instrumented
ecosystem research facilities under the same dlalaed with a common vision, ExpeER
beginningto structure the very fragmented research community on terrestrial ecosystems
within the European research agremproving the quality and the performance of these
infrastructure components in a durable andtainable mannefhe ecosystem infrastructure
within ExpeERuvill enable integrated studies to forecast the impacts of climate change, land
use change and biodiversity logs terrestrial ecosystemprocessesThe infrastructure will
also help to integrate research and monitoring from Europe with that in the rest of the world.
Thisintegration involveswo major steps:
1 Building the ExpeER Integrated Infrastructure enabling collaboration and integration
of obsevational, experimental and modelling approaches in ecosystem research;
1 Using the ExpeER integrated infrastructure to structure the existing network of
ecosystem observational and monitoring sites across Europe.

ExpeER provide theEuropean research community on terrestrial ecosystems witho§tate
the art highly instrumented experimental (HIES) and highmigtrumented observational
(HIOS) sites where
0] the relevant ecosystem processes will be analysed simultaneously;
(i) their couplingwithin ecosystem functions through cascades of interactions and
feedback loops will be studied;
(i) the integration of ecosystem functions and determining ecosystem services will be
achieve through a system biology approach and
(iv)  the relation of ecosystemriations and services to biodiversity can be studied

ExpeEPrings togethelong-term integrated experimental facilities allowing simultaneous
measurements of key ecosystem variables and parameters through -distiplinary
approach (biogeochemistry, boiicrobiology, atmospheric chemistry, hydrology, agronomy,
forestry etc.) to develop a more comprehensive approach to understanding terrestrial
ecosystem functions and services.

The standardization and dissemination of core variables and protocol$or European
ecosystem research

The compilation and comparison of research findings across European ecosystem research
facilities is often hampered by ndrarmonised and nestandard measurement protocols that

limit the comparability of datasets. Currentwhile each research site may be able to show
strong evidence of ecosystem process shifts at local level, it is difficult to draw conclusions

1http://www.expeeronline.eu/
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about the generality of such shifts, or to sum effects across spqu#E=REwiIll take major
steps towards addmgag this problem, both within thexgeER network and ultimately to the
broader ecosystem research communit

As an ecosystem develgpts ability to selforganize improvesandcertain characteristics of

the ecosystenevolve such as primary producily, foodweb connectivityand species
diversity. To represent the ecosystem, a set of parameters is needed that defctie
ecosystem structures (biodiversity and heterogeneity) and the ecosystem process (energy,
water and mattefluxes). This set istermedthe 6 ec ol ogi c al i nfTlesgr i ty
framework has been used to guide the choice of protocols within two closely related
European projects, ExpeER aBrvEuropé.

One of the primary objectives of ExpeER to harmonize measurement and sampling
methods for a core set of environmental and ecosystem variables across the focal network of
participating research sites, so as to allow findings to be compared and generalised. The
history of the search for a sidardized list of ecosystem parameters goes back for almost a
decade. The initial idea was usea bottomup approach that examines what parameters are
commonly monitored in research sites across Europe. Bdgsiow beenreplaced by an
approach to comepuwith a list of parameters that are important to indicate the state of
ecosystemsThe requirements for indicators are that they are easily measurable, indicative,
clear, sensitive and provideseful early warningof damaging changelThere are many
projeds examining indices of biodiversity, sustainability and environment in attempts to
cluster a few parameters to one that indicates the state of ecosyEieviEsirope has
developed a long list aecommended parameters to be measured across Ealopg wih
methodologie$(http://www.enveurope.eu/Sets of parameters are also being developed in
other parts of world, notablyithin the US National Ecosystem Observation Network
(NEON) (http://www.neonin@rg/documents/51)3

A first set of ecosystem protocols for use across Eurogeta&led within this handbookis
development has involved:

A Selection and standardisation of a set of core parameters/variables;

A Development of a hierarchical set of common measurement protocols and standards
intended foin vitroecotrons, in situ experimental platform andn situ highly
instrumented monitoring observational sites, as well as recommendations for less
instrumented s#s in order to secure high quality reference data;

A Training, internal communication and dissemination activities to prorttodse
common measurement methods (and other research protocols) and standards across
sites;

A Maintaining communication with ongoingse study projects and using feedback to
further optimise measurement protocols before disseminating outside the EXPEER
network.

The approach has been iterative and hierarchical. Draft parameter lists and measurement
protocols were generated, using ar&iehical logical structure and a nested set of technical
requirements. These draft protocols were tested at a training course intended for ExpeER
staff, before being refined and udedtwo externallyfacing training courses during 2013.

2http://www.enveurope.eu/
*http://www.enveurope.eu/misc/PD_A2.1.2ab_Frenzel_et_al-ManualHarmonisedMethods_Rev2_0.pdf
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How the parametes were chosen

For ExpeER, the goal was to choose a list that could serve as a pilot for establishing a set of
parameters with standardized protoctds be applied across many ecosystem research
infrastructures across Euraopké this set of protocols winsupport by contributing to our
understanding of ecological change at the continental,stal#l encourage site managers to
adopt more parameters with standardized protocols and more initiatives like this would be
launched.

The parameters were chosatording to the following criteria:

Considered important to ecosystem integrity

Common to many ecosystem research sites

Protocols are of an intermediate complication Ilgvel

Protocols are easily executed and not too expensive

The parameters cover a iy of areas within terrestrial ecosystems.

= =4 -4 -4 A

We did not focus on @grameters which aralready highly standardised; for example,
developing a protocol for measuring precipitation would be a waste of tamsjstent
methods are already generally used

The search for the parameters started with the launch of EXpeER in January 2011, taking into
account information about which parameters were already being measured at ExpeER sites.
ExpeER members were consulted by email to develop first a long listashpters, and then

this list was prioritised. This list was brought to the ExpeER meeting at Leipzig in February
2012, which considered the list against the above criteria and chose a list of 10 parameters.
Between March June 2012 the person in chargeeath parameter developed the first draft
protocol, using additional expertise as required. These draft protocols were trialled during a
training programmefi T Es t i nefinineAImMpR i ng Protocol s for Ec
TERESAPER, held at CNR, Rome on 2731 August 2012. This course was aimed to
protocol development, and so was targeted at ExpeER staff. In 2013, two training courses
were held which were targeted at ABxpeER staff, at CNR Rome, 20 24 May 201, and

VU Universityi Amsterdam, 26 30 August 20B.

The set of protocols was revised between these coumst®e light of feedbackrom both
members of ExpeER and delegates at the training courses

Final set of protocols

Ecological integrity indicators Protocol

Matter storage Aboveground biomass

Matter loss, nutrient cycling Decomposition

Habitat diversity, habitat management Land use and management
Energy capture Leaf area index

Faunal diversity Soil macrofaunal diversity

Matter storage, element concentration Soil organicmatteri C & N stocks
Metabolic efficiency Greenhouse gas emissidnem soils
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Use of he protocolss voluntary. Some include suggestions as to the frequency, timing and
location of sampling, but these are not mandatory. Moreover, some of the protocols offer
choices of methods, according to local situation and resources. The use of the protocols is
very much driven by local needs and opportunities, along with larger scale projects and
programmes.

Recording metadata

In order to be used by other scientists, both now and in the future, it is essenixipghBR

datasets are documented according to appropriate metadata standards. These have been
developed by the EnvEurope abkpeER projects, and must be entered in the DEIMS
website, at:

Production site:http://dat.ltereurope.net/deims/

DEIMS provides several types of metadata. The three most important are: dataset metadata,
site information and person. While a dataset can be considered to be one or more data entities
(text file, spreadsheet, database view, or data service), it is nmstaidy a description of a

single data entity. Required fields are marked with:

1. Loginto DEIMS

2. Select CREATE DATASET METADATA from the METADATA editor menu

3. Enter appropriate TITLE for data: the title should be descriptive and meaningful to a
broad audiace. A good title would be similar to a title for a journal article.

4. Site name: Begin typing in a site name. A list of possibilities will appear. Choose the
correct one. If you are doing research at a location that is not connected to an ExpeER or
LTER-Europe site, then a site metadata record will need to be created. The expeer.trainee
user has the permission to do this on the training site, but not on the production site. If
you are going to be entering information on the production site, contact Dankhizia
<dblankmanl@gmail.com for assistance.

5. Dataset contact names, owner etc. (these are references to PERSONs who have already

been entered. Begin by typing the last name. A list will appear, select the person from that

list. If the person is not in tHest, you will need to create a PERSON using the

METADATA EDITOR/Create PERSON metadata menu item. When creating a person, if

they are part of an ILTER network, choose the appropriate network. If the person is not

part of an ILTER network, then choose #ppropriate network from thdetworks (in

addition to ILTER) item.

Metadata date (this date defaults to the date of original entry)

Dataset Publication Date: This is a date when the data was made available to a particular

project, such aExpeER oiEnvEurope, or published in some other contékts is an

optional field.

8. Dataset languageusually English

9. Dataset abstractdescription of the research. This entry is similar to an abstract in a
journal article.

10.Keywordsi select, at least, one keywdrom the EnvThes Keyword field. Enter as
many keywords as are appropriate for the dataset. They include EUNIS habitat lists

11.Dataset access and use constraintetadata are expected to be public, read; data owner,
all. Use this field to indicate accessthe data that is being documented. There are
several categories: Administrative/Governmental, Education, Research, Public, LTER
Europe, ExpeER.

No
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12.Intellectual Rights, for example, right to review any results based on the datseCine
or more as approate.

13. Dataset online distribution: how can people get at the raw data. Please choose whether the
web page referenced contains the actual data or provides instructions on how to access the
data. This is a required field. If there is no online resourcéiediata, write NONE.

14.Dataset location; one can input location from the map, including a bounding box.

15. Altitudes, upper and lower

16. Temporal extent start and end dates

17.Taxonomic coverage, if relevant. Provides information about the taxonomic classification
of the organisms represented in the dataset. This element has two components: (class,
family, order, etc.) and (mammalia, carnivora, Felidae). This field is applicable only for
biotic data. Depending on the content of the dataset, provide informationthéooost
common level of taxonomy aggregation (plants: family, marine invertebrates: phylum or
class, etc.) Recommendation is to use common catalogue of species, for example,
Catalogue of Life, GBIF, or EUNIS.

18. Dataset methods descriptiomeference a palished protocol if a web address (URL) is
available. In addition provide a description of the method used. Please pay special
attention to indicating any differences from the published protocol.

19.Instrumentationi where required. Provides information abany instruments used in the
data collection or quality control and quality assurance. The description should include
vendor, model number, and optional equipment.

20. Sampling descriptioh where required. Allows for a texiased/human readable
description othe actual sampling procedures used within the dataset collection. This
element shall include information about dataset lineagmeral explanation of the data
producer s knowledge about the |lineage of
descrption or geographical definition of the representative area of sampling.

21.Legal obligation reporting Provides information whether a dataset has been reported to
the local, or regional or national bodies to fulfil the obligations from particular legal
reguations. Probably will probably not be applicable. Choose the dirattivis
applicable.

This represents a basic set of instructions for providing dataset metadata using the
Community profile. For further details, see the video tutoridht//vimeo.com/60479680

It is highly recommended that additional metadata be provided using the EML Data File and
EML Variable forms.
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ABOVE-GROUND PLANT BIOMASS

Giorgio Matteucci & Miklés Kertész

ECOLOGICAL INTEGRITY INDICATOR: Biomassi Energy storage (in biomass)
MEASURABLE : Aboveground lomass of terrestrial
vegetation

PROTOCOL SUMMARY

This protocol is related to the assessment of biomass of vegetation in forests and
grasslands/croplandperhaps he most i mportant Astateo varie
ecosystemsBiomass s heredefined as the total amount of living organic material (excluding

litter, soil organic matter, deadwood) standing over a ground surface area fmha).

Biomass has two main fractions: aboveground (stem, branches, foliage) and belowground
(fine and coarse roots). In forgstree stumps areconsi dered at the nfde
aboveground and belowground biomass. Biomass of arplaal species is equal to Net

Primary Production (NPPexcluding possible loss of mass between plant emergence and the

date of sampling. Assdasg belowground biomass is difficult in forastvhile it is easier in

grassland and croplands, where root $ss1s can be harvested together with aboveground

part albeit withsome soil disturbance.

Plant biomass can only be measured directly destructively. Therefore, for trees and shrubs
biomass is typically estimateiddirectly from an allometric relationshipobtained from a
sample ofplants (trees or shruhsielating aparametetthat is measurable on livinglants
(diameterat a certain height, e.g. breast height for treesjiameter angblant height) and
biomass Afterwards, total biomass can be estimatey applying the allometric relationship

on the diameter distributionf plantsassessed in the fiel8uch relationships are speciesd

often sitespecific. Bomass estimations from surveys repeated e.g. evéryy&ars will
provide trend in biomass gywth andhencemean NPPDirect measurements of biomass
give opportunities to measure leaf area index.

Biomass estimates for grasses and herbs are best sampled directly using clipping at the time
of yearly maximum abowvground plant material.

KEYWORDS
adlometric relationshipshiomassgdestructive samplingiet ecosystem productignet primary
production
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SCIENCE BACKGROUND

Knowledge on the key parameters of carbon cycle is essential in understanding of the
function of ecosystems. However, the measurement of those parameters, especially in
terrestrial ecosystems, are very cost and labour intensive, thus, a combinatiorrenhdiff
measurement, including direct measurements, measurements on proxy variables, and
calibrations are applied for estimating of the key variallles: given terrestrial biome, the

living plant biomass is strongly correlated with leaéa index (LAI). Al is extensively
estimated by means remote sensing; tmmual Net Primary Production (ANPP)can be
estimated using the yearly pattern of LAI. Thus, direct measurements of yearly maximum
living plant biomass and LAl give opportunity to apply a broad spectof known
correlations, as well as crop production simulation results, for estimating ANRie ase

of the temperate steppe biome, under certain conditions (unimodal yearly growth pattern of
living plant biomass, regular removal of plant biomaserafite yearly peak), maximum
yearly plant biomass is an appropriate estimator of annual net primary production (ANPP).

METHODOLOGIES

Two methodologies are given, one for trees in forests, based aigwatocol developed
within the EU project CANIF $carasciaMugnozza et al., 2000)and one for biomass of
grasslands, based dviilner and Elfyn Hudpes (1968) Both have beerwidely used (e.qg.
ScarasciaMugnoza et al., 2000; Bascietto, 2004n forests and shrublands, biomass
estimations from surveys peated time by time (e.g. everyb3years) will provide trend in
biomass growth and differences will provide mean Net Primary Production (NPP).

Aboveground biomassin forests

The measureable is the total amount of living organic material (excludirrg $itié€ organic

matter, deadwood, that are usually assessed separately) standing over a unit ground surface
area (M, ha). Biomass has two main fractions: aboveground (stem, branches, foliage) and
belowground (fine and coarse roots). In forest, stump@ensi dered at the fAe
aboveground and belowground biomass.

In forests, the approach presented within ExpeBRasstage
1. Building allometric relationships betwedniomass anda parametethat is easily
measured on living trees in the figldee diameter or diameter and height);
2. Estimatingtotal biomass by applying the allometric relationships onpdiameter
distribution assessed in the field.

The protocol includes:
1. how to select trees within a population
2. harvesting and weighing trees
3. building an allometric relationship

Sampling of tree aboveground biomass

1. Sample frequency
a. An allometric relationship can be determined even with just one set of data.
The relationship(s) can be expanded with sampling in following years, to make
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it(them) more and more precideata of both biomass of single components,
along with diameter and other measured variables of the sampled trees are
useful to allow calculation in the future.

2. Selection of trees within the population

a. Onelarge(> 2700 ) or more, preferably at least threemaller (~ 1200 f)
sample area is surveyed for tree diameters, tree species, tree theghattér
evenon a subsample of trees).

b. The size of the survey area is to be selected in relation to the stand
characteristics (gemally smaller for densemnd more uniformforest).
Diameterof the areaan range from 25 to 40 m

c. Data are analysed and a diameterhesght curve is produced

d. Trees to be harvested to build the allometric relationship are selected within the
population s that they represent the range of variability of the stand

3. Harvesting of the selected tree(s)
a. Measurement to be taken before felling the selected tree:
i. diameter at breast height (1.3 m), crown projection (4 radius from the
stem, NE-S-W), general crownlspe, height
b. Measurement to be taken when the tree has been felled:
I. Length of the tree (=height); height of crown insertion (the first
Ai mportant o green branch) and di ame

4. Assessing biomass
As a general rule, it is better to weigh all timpossible (the whole tree and crown,
separated in section/portion).
In case of very large trees, ssamplingmay be required

a. Crown
i. Crown can be sampled dall toget her ¢
approx. equal length, starting from the height obwn insertion.
Usually in small trees crown is sampled all together in larger trees can
be sampledby cutting the trunk into portions
1. If sampled in portion, record the following: diameter at the base
and at the top of the portion; length of the portion
2. Branches of each portion are collected separately and weighed.
In case of very large crown, sample branches can be used
instead of weighing all the branches
i. After that, start the dAcut and wei
leave the stem at last, as thoemer is more subject to possible water
losses (particularly for leaves).

For the whole crown or for each of the crown portion:

1. cut and collect all branches, dividing them into diameter classes
if they are a large number

2. weigh branches all togetheriordiameter class

3. if there are a lot of branches, select a number of sample
branches in each diameter class. The number of sample
branches can vary according to the total number of branches in
the diameter class (normallyS). The sample branches will be

Page
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b. Stem
i.

Notes:

ExpeERProtocol Handbook

used to calculate lametric relations that will be used to
estimate total leaves, twigs and branches biomass of each class
if foliage is present, separate foliage and twigs from the
branches and weigh all the components;

prepare a sample to determine the dry/fresh weight tat
calculate dry biomass of branches, twigs and leaves; the sample
can be used also for nutrient analysis;

on some of the sample branches, a cross section can be cut at the
base. The section can be used to calculate branch NPP in the lab
if Leaf Area isalso of interest, a sekample of fresh foliage can

be used to Specific Leaf Area (m2Ly or Leaf Mass per Area

(g m2). This parameter, multiplied by the total weight of
foliage will result in the total leaf area of that tr&ee Leaf
Area Index protoal.

After the crown is sampled, t he
suggestion is to consider it as fAst
without separating it according to diameter in classical forester
Acommerci al 06 cd awislels:bd htehdmtttle

1.

If the stem is longer (=higher) that-1@ m, separate it into-2
m-long logs, if it is shorter, the logs can bendlong

2. for each log: measure base, central and top diameter
3.

ideally, weigh all logs or, if it is too demandinggigh one log
out of two, alternating even and odd logs (butt log = 1) in
successive sampled trees (tree #1, le&y5L7-.....; tree #2, log

cut a 23 cm thick cross section at the base of each log and mark
its bottom face; these sectiongl be brought back to the lab for
dendrological analysis and for calculating the biomass/volume
ratios; some of the cross sections will also be used to determine
the bark to stem ratio;

always cut and bring back to the lab the cross sections at 1.3 m
andat the base of the crown

Trees in the lower diameter classes (up-idxm) can be sampled complete, without
forming subsamples

The trees selected for harvesttouldbe measured, felled and weighed tree by tree,
otherwise there is the possibilityf introdudng errors (weight loss, possible of
confounding samples, etc.)

c. Laboratory operation

i. Volume of stem (and branches if any) cross sections (disks) has to be
evaluated on fresh samples.

Subsamples must be weggh again fresh and then dried to assess the
dry/fresh weight ratio

Dry biomass should be assessed at 105 °C. Check for constant weight
during drying.Nutrient content should be determined on samples that

Page
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have been dried at °C, to prevent nitrogen lssand then referred
to dry weight at 105 °C.

Note that he volume of cross sections can be also determined with sufficient
precision by submerging just under the (distilled) water sud&ceom temperature
(i.e. around 20°Ca section on a containptaced on a balance. At room temperature,
the weight of displaced water will be equal to the section voliumel cm3 =1 Q)

Assessing biomass at stand level

a. Sampling size

i.  As usualthe larger the better. An affordable sampling size to start
with codd be from 5 to 10 trees, according to population
variability. The trees have to be selected according to diameter
classes (average, can change according to forest structure); some
more trees can be sampled in the lower diameter classes (tp to 5
cm) if these are relevant in the forest structure.

i. Consider t hat the effort can the
given the fact that an allometric relationship would then hold for
the stand/site almost forever (if species does not change)

b. Calculating theallometric relationship
I. The measured basic variable (usually the diameter) is then
correlated to the biomass of different components (branches, stem,
foliage) and, if useful and needed, to the total biomass.
ii.  Usually the equation is in the following form:

BioMcomponenty= @ Atree)lbi am
With a and b parameters assessed by statistics/fitting.
Aboveground biomassin grasslandand cropland

The metadata should consist of geographical coordinates, elevation, exposition, habitat type,
and sampling scheme, including number, size, and arrangement of sampling units. The
specific measurables are as follows:

1 Yearly maximum of aboveground biomassvascular plant.Measurements of the
aboveground biomass of mosses and lichens are optional. In case of woody plants
(shrubs, dwarf shrubs, vines), the biomass of the offshoots of the last growing season
should be measured. Yearly maximum aboveground b®mat for each vascular
species separately are optional.

Site selection

The criteria of site selection are as follows:
1 Vegetation.The vegetation should be dominated by -stéimmed vascular plants
less than 2 m height
1 Longterm security. The treatments of the sites should be as permanent and
predictable at long term at possible.

Page
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f HomogeneityAs the sampling units are relatively small (0.5 x 0.5 to 1 X}, the
biomass and LAI of the studied plots should be homogeneous enough to be reliably
sampled by a few sampling units.

1 Representativitylt is desirable that the sites represent areas which are characteristic
to the region and consist of patches large enough to provide reliable remotely sensed
data.

Method

1 Sampling units and desigBquareshaped sampling units are used, from 0.5 x 3.5 m
to 1 by 1 mi. The number and arrangement of sampling units have to be reliable
estimation of biomass and LAI of the plot. Depending on the heterogeneity of the
grassland, application of one to five samglimits is suggested per plots.

1 Timing In grassland mown once a year, sampling should be made right before
mowing. Otherwise, or in case of multiple mowing, the sampling should be made
once a year, at the time of the maximum LAI.

1 Clipping. As much as paible, clipping should be made right at the level of the
ground. The old bunches of grasses may form small mounds of dead plant material
and soil; that part should be left on the ground. In case of wetlands, the ground can be
a soft net of mosses and raot$ere the ground could be determined by the lowest
level of seemingly green plant material. The woody parts of plants which are
seemingly older than one year, may be left in the sampling units.

1 Drying. All plant material should be dry at 8D until consant weight. (If thisis
impossible to achieve, drying at room temperature in well ventilated dry room until
constant weight is satesftory)

1 Separation into fractionslf it is possible, separation must be done while the plant
material is still wet. lis often impossible, thus the dry plant material is separated; in
this case, the status of plant material should be extrapolated back to the time of
clipping. Three fractions should be foeoh (1) plant material which was dead in the
time of clipping, (2)non-photosynthesising living material, and (3) photosynthesising
material. The woody parts of the pants whithd apparenthgrown in previous
seasons should be counted as dead materialidfniot clear whther a part of the
material were photosynthesig or not at the time of clipping, it better to count as
photosynthesising partypically, only leaves are counted as photosynthesising parts,
the otherwise green stems and inflorescences not. However, in case of certain plants,
the stems provide the plosynthesising surfaces (e.g. the stemsEglisetum
species); in these cases, the stems are also counted as photosynthesising parts. The
plant material can also be separated by species or other groups.

1 Biomass Biomass is calculated by summing up the weight of all living material
(fractions 2 and 3), and expressed in gramis/m

Data capture
The measurements should provide the following data for each sampling unit:

1 Aboveground living vascular plant biomass, dry material grafs/m
1 Leafarea index, fim
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DECOMPOSITION

Jutta Stadler & Mark Frenzel

ECOLOGICAL INTEGRITY INDICATOR: Matter budget

MEASURABLE S: Mass loss oftandard litter substrates;
Mass loss of bait

PROTOCOL SUMMARY

Decomposition is among the most important biological drivete@biogeochemical cycling

of nutrients andcarbon sequestration. Decomposition is influenced by many abiotic and
biotic factors as e.g. soil temperature and moisture, soil chemistry, litter substrate quality and
soil fauna community composition. As soduhal structure is very complethe soil fauna
feeding activity can be used as an indicator of the biological status of thBathilitter bags
andbait laminaprovidesimple measussof the soil fauna feeding activity.

Litter bags filled with a standard litter substrate are a good choice wbmparing
decomposer activities of different ecosystems or biogeographic reigmsimplest to use a
standard litter consistg of leaves of wheat, barley or maize leg\eshesespeciesare easy

to grow at all sitesLeaves of tree species are often used as standard litter, especially for
experiments in forest ecosystems. Leaf litter carfrtw@ a single varietymonospecific or
polyspecific and/or contain local natural oftauated species or invasive/ndocal species.

Litter bags, size 10 x 10 cm are put randomly in the field for several weeks orsmmnth
allow decomposition. A bag size of 10 by 10 gimes agood balance between a reasonable
amount of litter and decompition turnover rate. Litter bags are filled with 2g dried standard
substrate. After removing from the field, litter bags arevegghed.

The bait lamina method is a quick and inexpensag of screening soil biotic activityThe
comnsumptionof bait by soil organismds a proxy for the feeding activity of the soil fayna
complementing emulative parametersuchas decomposition rate or mass loss of standard
litter. The bait lamina strip is a P\(&trip of 15 cm length, which has 16 conical holes at the
lower 8 cm part. The conical holes are filled with a standard substrate mixture of fine ground
cellulose powder, bran flakes and traces of active coal (ratio 70:27:3). Bait lamina strips are
plunged in the soil with the uppermost located bait hole posdi@m®rt beneath the soll
surface. The bait lamina strips are removed after exactly 14 days and each hole is classified
in fibait eat en Boilioverterdtes antb asmatr exteatmiernodganisms
progressively degrade the bait placed in the soil substrate in a very short time span.

KEYWORDS

bait lamina decomposition litter bag, sal biodiversity, soil invertebrates, soil micro
organisms
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SCIENCE BACKGROUND

Decomposition isamong the most important biological drivers of carbon sequestration and
nutrient cycling and an important ecosystem service. Although decomposition is influenced
by climate, litter quality and decomposer species it is a useful tool for a quick and general
overview of soil biotic activity. Decomposers are of particular importance in climates where
moisture and temperature are not limiting. Furthermore, an increase in nutrient availability
will increase decomposition rate. The -gpt of a standardized protdcavill help to
investigate and compare decomposer activities of different biomes, ecosystems or ecoregions.

Litter bags as well as bait lamina are a widely and long since used technique for receiving
information about soil feeding activity. Nevertheleb® great variability in technical details
makes a comparison of single studies impossible. The protocol ensures that data are collected
with the same routine and therefore enables a comparative monitoring within the EXPEER
infrastructure.

Standard litters a good choice to investigate decomposer activities of different ecosystem or
biogeographic regions. Standard litter can be monospecific as well as polyspecific. The
simplestway is to use grain leaves (wheat, maize or barley) as this is easy toteudtiva
almost all sites. Nevertheless, to minimize site specific differences, standard substrate should
be cultivated at a single site and distributed. Another advantage of grain as standard litter is,
that litter quality can be varied easily by specifidifizer treatment.

Bait lamina strips are a quick test for soil biotic activityon Térne 1990; Kratz 1998)
Plastic sticks with defined holes are filled with a bait material (finely ground grain and
cellulose). The bait material can be adjusted toiipgesearch questions by changing the
bait components (e.g. replacing part of the grain with finely ground plant material: The use of
litter bags and/or bait lamina strip is a question of time of exposure and experimental design.
The use of litter bagmables to test in more detail (e.g. by varying mesh size or litter quality)
but it is more time consuming than using bait lamina strips. The hypothesis which should be
tested determines the method to be used.

METHODOLOGY

Measurable:
Mass loss of standatitter substrates [g]
Mass loss of bait [%]

Site selection

The standard litter as well as the bait lamina technique is applicable in all ecosystems (also
aguatic ecosystems).

Experimental plots must be randomly distributed within a site. If differeatments as e.g.
nutrient addition are tested, a random block design is recommended.

A plot size of 1x1 m? is a reasonable size to place a sufficient number of litter bags within a
homogenous area. For each experimental treatment a repeat of 5 pésnsnended to
minimize variability. Litter bags are randomly distributed within one plot with at least 20 cm
distance between bags.

The distance between plots is at minimum 1 m to avoid edge effects. The distance of this
corridor may vary a bit (to a highalistance) to allow for compensation for unsuitable
ground.
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Bait-lamina strips (5 strips) for measuring the feeding activity of soil animals are placed
randomly within each plot with at least 20 cm distance between the strips.

Litter bags as well as bdamina test methods are a measure of general activity of soil biotic
organisms. Their activity depends on numerous abiotic conditions (temperature, moisture,
nutrients) and varies considerably throughout the vegetation period. Therefore, a reasonable
amoun of repeats is recommended. During the decomposition process, litter quality changes
resulting in a change in litter decomposing organisms. A sampling at different times during
the vegetation period allows e.g. to test for changes in enzyme activigy sifitistrate.

General time schedule in short:

Production of standard litter in the field (e.g. barley) in spring/early summer

Filling litter bags until mid of June; Preparing bait lamina

Bringing out all litter bags and bait lamina until end of June

Samping of bait lamina exactly after 14 days exposure

Sampling date of litter bags earliest 6 weeks after bringing them out. If several
sampling dates are chosen, time between single sampling dates should be 6 to 8
weeks

Too Joo oo o o

Materials and Methods

Litter bags

Litter bags with a different mesh size allow testing for activities of either riaceotebrates

or fungi and bacteriaMesh sizes lower than 100 pm enable fungi and bacteria only to
colonize the bag while litter bags with a mesh size of 1mm and beydod also
invertebratedo actas decomposers (Pye et al. 20®)nesh size of 5x5 mm is permeable
for microbes, mes,and macr of auna. A mesh size of 20x
access by bacteria, fungal hyphae, most nematodes and protozoa whdgngesiccess of
mese and macrofaunaA bag size of 10 by 10 cm turned out to be good balance between a
reasonable amount of litter and decomposition turnover rate.

For best standardizationpremanufactured bags shall be used. Usually bags have to
ordered in time ifleally ordered centrally), because often they are not in stock and
manufacturing needs some tinhétter bags are filled with 2g dried substrate. Leaves should
not be damaged or already be colonized by fungi or pathogens. This amount of substrate is
sufficient for reasonable results within a comparatively short time span. Litter bags are
labelled insi@ by a piece of plastic, containing plot number, treatment, repeat, running
number and initial dry weight. It is strongly recommended to label with a graphite pencil and
add the label inside the bag before sealing. You may additionally label the bag ouatsick
adhesive tape but be aware that this labelling often disappears during the exposure.

Litter bags are sealed with a strong adhesive tape. Only the coarse mesh can be additionally
sealed with a stapler.

When litter bags are removed from the figliey need to be driefdr 5 daysat 60 °C. After

opening (be careful with the fine mesh as it easily breaks), the remaining substrate needs to
be cleaned from dirt, moss, needles or any other parts which are not standard substrate and
weighed. The remaing substrate will be stored in paper bags for further investigations (e.g.
chemical analyses).

Placement of litter bags in the field:
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Forest Try to avoid herbaceous cover as this makes it difficult to place the substrate bag. If
you can’t avoid, placeoyr bags between bulks of herbaceous species directly on the ground.
It is not necessary to remove old and remaining litter as well as moss cover. Simply place
your litter bag on the bottom and fix it with a wire cramp without pushing it through the fine
mesh. If you puncture the fine mesh, manreertebrates can enter the bag and falsify the
result!

GrasslandIf you place the substrate bag in a grassland site which is regularly mown please
make sure that it is mown before you put out your bags. Mowfrtbeoexperimental plot

before exposure is not mandatory but can be done if this makes it easier for you to place the
bags. Try to put litter bags between the bulbs and rhizomes of the plant species so that they
have maximum contact to the soil. Fix thegbaith a wire cramp but without pushing
through the (fine) mesh. Instead of fixing each bag separately with a cramp, you may cover
the whole plot with wire mesh to keep your bags tight to the ground.

Standard substrate

It is recommended to use standatbsrate only. Sampling of site specific substrate has
some constraints. It is very time consuming to gain the requested amount of site specific
substrate. Furthermore, the varying quality of the substrate of different sites may interfere
with other treatrants and overlay results.

Barley is proposed as a standard substrate as this is easy to cultivate and collect and avoids
site specific constraints. It is not the species itself that is of interest but the decomposition
process between different sites ambsystems (e.g. along a biogeographic gradient). Barley
can be cultivated in sufficient amounts at one site and be distributed amongst partners with a
very low financial or temporal investment.

Bait lamina strips

The bait lamina test method is a quicidanexpensive screening of soil biotic activity. Soil
invertebrates and microorganisms progressively degrade the bait placed in the soil substrate
in a very short time sparhlthough it is difficult to disentangle the effects of fauna and
micro-organisms on feeding activity completely, recent studies have shown that the macro
organism are the main feeders on bait lamina (Simpson et al. ABE2Efore it is assumed

that the ésappearance of the bait material reflects the feeding activity of soil invertebrates
and only to negligible extent microbial processes. The standardization of theniaa test

allows comparing the feeding activity of soil organisms in e.g. differepdgystems or under
different management treatment. Nevertheless, the catchment area of a bait lamina strip is
very small. Therefore, a minimum number of 10 repeats per plot are required.

The bait lamina strip is a P\(&lrip of 15 cm length, which has 16recal holes at the lower

8 cm part. The conical holes are filled with a standard substrate mixture of fine ground
cellulose powder, bran flakes and traces of active coal (ratio 70:ZhB).finegrained
powder is mixed with water to a paste and theledilinto the conical holes. After filling
strips are dried for 3 hours at 60 °C. The filling and drying must be repedtéich&s, unless

the holes are filled properly.

To compare different soil feeding activities, an evaluation of the activity in tpergoil
sections seems sufficient. If the depth of the soil profile is rather low (e.g. in-Tasdls),
feeding activity can be assessed by shorterlaaiina strips. In any case, the uppermost
located bait hole is positioned short beneath the adidse The bait lamina strip is a PVC
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strip of 15 cm length, which has 16 conical holes at the lower 8 cm part. The conical holes
are filled with a standard substrate mixture of fine ground cellulose powder, bran flakes and
traces of active coal (ratio Z¥.:3).This finegrained powder is mixed with water to a paste

and then filled into the conical holes. The strips get less damaged if they are inserted into
prefabricated slits done e.g. with a screw driver or knife. The tool used for this prefabrication
should have the same size as the bait lamina strip to avoid a loose contact to the surrounding
soil.

The baitlamina strips are left in the soil/substrate until about4@% of the baits are
perforated. Since the necessary exposure time depends on trelsite the moisture content

of the soil, feeding activity assessment can require between 7 (in soils with good moisture
conditions) and 20 days (dryer soils) exposure. However, it is recommended to remove the
bait laminas exactly after 14 daykhis shortexposure time of the bait lamina that keeps the
influence of micreorganisms small (Gongalskyet al.200%his enables each site partner to
adjust the sampling to his personal working schedule.

After retrieval, the strips are stored in-Ril or PE-bagsto preserve the baits from drying
out and to prevent formation of cracks that could be interpreted as feeding holes.

The evaluation of the exposed baits is achieved after removing adhesive soil particles very
carefully (e.g. with a soft brush). Afterwardhe strips are examined on a lighted bench.
Differentiation is made only between "bait eaten” (1) and "bait not eaten"(0). Feeding is rated
only when light crosses at least punctually the bait, transparency alone is not sufficient. It
needs to be discusd, whether the evaluation should be done by one person only to minimize
variation in the estimates.

Bait-lamina tests can be performed at any given time, except in periods of ongoing dryness
and/or ongoing soil frost. Lowest thermal limit for faunal \dtigs in soils is approx. 4°C.
Nevertheless, all sites should perform the bait lamina test in more or less the same time span
during the vegetation period, as the feeding activity varies with abiotic conditions.
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SUMMARY INSTRUCTIONS

Ecosystem: Terrestrial or aquatic;

Location in plot: random

Litter substrate: 2 g dries standard litter substrate (e.g. barley, wheat) gutockr@rally in

spring

Litter bags: Size 10 x 10 cm; mesh size 5x5
Bags sealed with adhesive tape

Bags fixed in the field with cramps or wire.

Removal of bags after 1.5, 3 and 6 month

Removed litter bags dried for 5 daysf&D, remaining litter weighed.

Bait lamina:

Bait component: cellulose, bran flakes, and active coal in a ratio of 70:25:5; mixed with water
to a paste; holes filled with paste several times to ensure a correct filling. Dry between the
single filling procedtes.

Bait lamina strips are plunged in the soil with the uppermost located bait hole positioned
short beneath the soil surface. Jdrél the soil with an appropriate tool.

Bait lamina are removed after 14 days exposure in the field.
Classifwtiemoflmai ibait not eateno.
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LAND USE AND MANAGEMENT

Les Firbank
ECOLOGICAL INTEGRITY INDICATOR: Habitat
MEASURABLE S: Land cover and habitat management

PROTOCOL SUMMARY

This protocol captures the nature of the land and habitat that is presaneoanlogical study

site, the purpose of management, and management records. This protocol therefore ensures
that the site is considered appropriately in masité classificatios, and that records of
operations such as cultivation, sowing, thinning and harvesting are captured.

The site should beategorisednto spatial units that are managed in the same way, eg an
agricultural field, an eveaged stand of forest, a plot inialfl experiment, a chamber in an
Ecotron This protocol ensures that appropriate records for each spatial unit are kept in a
consistent way, for access through thepeER metadatabaseto enable the appropriate
analyses of data within and between sites

KEYWORDS

agricultural management, ecological contetological experiments, ecological metadata,
forest managemeniabitat classificationland use, landscapk&nd managementvegetation
classification
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SCIENCE BACKGROUND

The need to collect data on land use and management is recognised by all major ecosystem
monitoring activities. The major elements are location (which links to other data on
topography, climate etc); land cover (in terms of vegeta@tiowing linkage toremotely

sensed and other dgtamanipulations by land managers and scient{tts enable the
interpretation of ecological change to external drivefsle NEON data produétsiclude a

set of high level land use products that record from external database position,
topography, soil type, land cover, agricultural management, climate, built infrastructure etc.
The UK Environmental Change Network comprises smaller sites, and includes protocols for
collating data on land use, vegetation and sailsitu>. These protocols are very flexible,
reflecting the different circumstances of the individual sites.

This protocol ensures that essential contextual data are routinely collected for every spatial
unit that is being monitored within the EXPEER infrasture.It gives a description of the

site, and also to provide contextual data on land operations to help interpret (and even help
model) ecosystem changddie protocol ensures that essential data are collected to a basic
level; local protocols may exce¢hese standards (eg by collecting Level 3 EUNIS daltais

of most value for those sites that are managed by farmers and foresters, as it ensures that data
are collected in their activities in a timely and consistent way. Data are required for each
spatial unit on the site that has consistent managemesiinfty be a field, an area of forest
managed as a unit, or a plot within an experiment, or chamber withHtearon). The data

are typically collected as part of forest, agricultural or experimental record keeping.

The protocol requires that each spatiadit with consistent management that is being
observed within the EXPEER infrastructure is identifihis could be field, a homogenous

or evenaged forest patch, an experimental plot,Emotron chamber. These units should

change only rarely. Data shdube collected for each unit.

METHODOLOGY
Measurables

This protocol involves the precise location and description of land units within EXPEER,;

these land units are normally all of those from which additional data are being collected. The

first two setof data characterise the site: they need to be checked once a year, but will range

change. The rest of the data ensure that unique records are kept on all human interventions on

the site by farmers and land managers, and should be accurate to the rgard& dnits

will vary and often may not be available directly. Interventions by scientists must be

accessible using this protocol, either because the data are collected as part of this protocol, or

because a link is created to data held elsewhere (e iexperimental protocol for an

ECOTRON study).

1 Site description: Metadata are collected for integration with the EXPEER

metadatabase, but at the level of the individual parcel of land or experimental plot.
These include location, EXPEER site identificatiand a local code to give a unique

4http://www.neoninc.org/sites/defauIt/fiIes/N EON%20high%20level%20data%20products%20catalog%20Spri
ng%202010.pdf
*http://data.ecn.ac.uk/Data_discovery/search.asp#Keyword_Search
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identifier to the field, experiment, experimental pEtotronfacility, Ecotrondome,
mesocosm etc. The units need to be sufficiently accurate to discriminate between the
unique land parcels, plots or experimentat.uni

1 Land cover:The EUNIS Level 2 vegetation type is recorded for each land unit. This
is a simple descriptor of vegetation cover taken on the ground, it is therefore more
precise in both space and time than the CORINE land cover map. This code is high
level, requires little trainingand only needs to be recorded annually.

1 Biotic inputs and removalkformation about deliberate introductions and removals
of organisms or plant parts from the individual land parcel, including sowing and
harvesting of cropsrotrees, removal of weeds or forestry thinning, introduction or
removal of grazing animals, additional of compost.

1 Abiotic inputs and removaldere data are collected on inputs of fertilisers, pesticides,
water for irrigation. Removals of abiotic materifiem an EXPEER site are likely to
be much rarer.

1 Land managementThis information is intended to provide a formal record of
experimental and land management operations. These include disturbance (ploughing,
cultivation, cutting of grass without removing) and manipulation (climate
manipulation, CO2 elevation etc).

Frequency

Data on site location should change only rarely, for example by redefining the land parcel
size, and data on land cover may show gradual change or sudden change associated with
major changes in land use. These data need to be collected once a year, on a date that can be
set locally. Data on inputs, removals and land management should be recorded to the day,
with date recorded. Such data should be recorded within 7 days of the even

Site selection

In this protocol, sites are arranged hierarchically, from EXPEER infrastructure down to
individual plots or replicates within a controlled environment experiment. This protocol is to
be applied teeachspatial unit with consistent management that is being observed within the
EXPEER infrastructure.

Site description

Data on location will be held at the site level. This protocol ensures that location data are
collected at the smallest scale used foreobstion within EXPEER, and can be used to cross
reference with databases on topography, climate, CORINE land cover etc. This information
needs to be updated every time a new experiment or observation is initiated within EXPEER,
and checked annually anddgied if required.

Expeer Site ID This unique site code is fixed by Expeer. It is a constant.

Land parcel / facility ID
This is a locallyfixed code for the land parcel within the site being
considered. The boundaries of the land parcel must be &@ixed a
period of years (eg field, forest). Natural boundaries may be
appropriate in sermatural areas, but they must be visible from the
ground and by fixed. It may apply to a site geodatabase. The code is
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established locally, eg for the site geodatabdse.a controlled
environment, it may apply to a particular setembtronchambers that
comprise an experiment etc. It is a constant.

Description of the land parcel / facility

This explains the nature of the land parcel or spatial unit and why it is
used in Expeer. If the site contains an experiment, the purpose of the
experiment should be given; likewise if it is a bankeobtrons they

must be described. This a text fieldatimeeds checking annually.

Single treatment / field experiment / controlled environment

Grid reference

Area

Designations

It is important to establish the nature of the land parcel. If the parcel
contains a single treatment, then the following data are recorded for the
whole parcel. Ithe area contains a field experiment, then the following
data are recorded for each plot (ie a line for every replicate of every
treatment). If the data is a bankEdotrons each line corresponds with
each chamber. There is no need to complete a sepaater every

plant container within each chamber.

This locates a particular fixed point within the land parcel or facility,
ideally coinciding with a major sampling point (eg flux tower), not
close to one edge. The grid referenceerded using the Inspire grid
reference system. It is a constant.

This relates to the area of the parcel, not the whole site. It should be
recorded using GIS to the nearest 4, though in practice the accuracy
will be rather less. It is a constaAtreas of plots and chambers must be
provided. This is a constant

This identifies whether the land parcel has a national (eg English Site
of Special Scientific Interest) or internal (Bgtura 2000) designation,
what the designation is, theeason or feature underlying the
designation, and date of designation. It is a constant for any parcel and
any year. It needs to be checked annually using GIS and international
databases or whole site records, , in case the parcel becomes newly
designated. Some sites may have land parcels with different
designations. This will not apply to small plot or controlled
environment experiments.

Soil and vegetation in situ, or enclosed / imported

For field-scale sites, the soil and vegetation is always likelppean

situ, but for controlled studies the soil are sometimes imported or
enclosed, eg in rhizotrons, and the plants often sown from other
sources. Give a description. For field sites this is a constant; for
experimental facilities it may change betweepesknents. The date of
any change must be recorded.
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Land Cover

EUNIS habitat classification
The vegetation cover on the unit of land is classified using the EUNIS
Level 2 classification every year by the site science team?® ®ee
details which includes a simple key to support the identification of
habitat classes

Biotic inputs and removals

These data should be held by the person managing the site, which could be a scientist,
forester or farmer. It is essential that the data are recordadtiesite manager each year at
least, to ensure data quality. The level of detail available will vary from situation to situation.
Timings should be given to the nearest day.

Biotic inputs All species introductions should be recorded. These include crop plants
and animals, plants sown into experimental plots, and biocontrol
agents. Data should include date, species, variety (if relevant), how
introduced, density / numbers etc.

Thinning & remowal
All removal of biotic material not for harvest must be recorded. This
includes weeding, thinning of forests, trapping of animals. This
includes mechanical weeding, and burning. Date and nature of removal
must be recorded. Ideally, the biomass and spedf organisms
removed from the site should be noted, eg thinning or-asetling.

Harvesting All harvesting must be recorded, including removal of livestock from a
field, harvesting plant material from an experiment, as well as
commercial scale operahs such as hay cutting, forest felling. Date
and nature of harvest must be recorded, along with biomass removed
and, ideally, species composition.

Abiotic inputs and removals

These data should be held by the person managing the site, which could be a scientist,
forester or farmer. It is essential that the data are recorded from the site manager each year at
least, to ensure data quality. The level of detail available will frarg situation to situation.
Timings should be given to the nearest day. The major two categories are given below, there
may be others.

Nutrient inputs All nutrient inputs must be recorded, giving amounts of N.P.K and S
for all inputs, including organienanures and slurries. Micronutrients
should also be recorded if data are available. Give method of
application (eg spraying, soil injection, liquid plant feed).

®http://eunis.eea.europa.eu/upload/EUNIS_2004_report.pdf
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Pesticide use All pesticide inputs must be recorded, including chemical pesticides,
slug pelets etc. Data should include date, active ingredient and
adjuvants, method of application.

Land management

These data should be held by the person managing the site, which could be a scientist,
forester or farmer. It is essential that the data are reddrdm the site manager each year at
least, to ensure data quality. The level of detail available will vary from situation to situation.
Timings should be given to the nearest day. The major two categories are given below, there
may be others.

Soil operaions
All soil operations (tillage, drainage etc) must be recorded.

Experimental manipulations
These include climate manipulations, additions of gases, elevated
levels of UV etc.

Data capture

The vast majority of data needs to be captured from other sources. These can include
electronic crosseference to an experimental protocol and records or site description, and
transcription of farmer and forestry records. The only data that will be t=ullee novowill

be the EUNIS classification, which can be entered in the field as a single record for each
unique spatial unit. This should be recorded in the field, and entered into the site database
asap afterwards.

Date & time of measurement

Data should be updated at least annually, and should be accurate to the nearest day.

Quality assurance

The recoding of EUNIS should be by an experienced vegetation surveyor or should follow
training. The protocol does not have other training requiresment

Once a year, when the data are updated, a scientist not involved in completing the protocol
should check the data and sign them off as complete. This will involvearesking against
any source data that are used.
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SUMMARY INSTRUCTIONS

1.

This protocol must be completed at least once a year. As the protocol is not field
based, timing is not critical. Some data will not change between years, but should
always be checked.

Identify the major spatial units of the time with homogenous managénegnfields,
evenaged forest stands, experimental plots, chambers in an ecotron. These land
parcels / facilities should rarely change from year to year, and have unique codes to
identify them.

Data about each land parcel or facility must be recorded. Tdetaeshould change
only rarely between years. The data are:
a. Description of the spatial unit: a text field, to describe its nature and purpose
b. Is the land parcel or facility a whole or part single field, a field experiment or
controlled environmerfacility ?
c. Location (grid reference) using GPS or existing database
d. Area, using GIS
e. Is the land parcel or facility designated for biodiversity or landscape reasons?
Use online database and GIS, if data not already held at site level.
f. Is the soil and vegation on the land parcel / facility the pegisting one, or
has it been imported? Has the vegetation cover been sown or imported?
Describe.

Use the attached key to give a unique EUNIS level 2 classification of plant cover for
each land parcel .facilityThis is sufficiently broad that precise timing of recording
does not matter.

Data on inputs of pesticides and fertilisers, other abiotic inputs and removals, should
be recorded to the nearest day, and to the available level of accuracy about.quantity
Such data may come from the farmer or forester. More precise data will be available
for formal experiments, in which case it is probably preferable to refer to the database
of the experiment itself using appropriate links.

Data on biotic inputs, thmng and removal, and harvesting, should be recorded to the
nearest day, and to the available level of accuracy about quantity. Such data may
come from the farmer or forester. More precise data will be available for formal
experiments, in which case it gobably preferable to refer to the database of the
experiment itself using appropriate links.

Data on soil operations, experimental manipulations and other forms of land
disturbance and manipulation not covered above, should be recorded to the nearest
day, and to the available level of accuracy about quantity. Such data may come from
the farmer or forester. More precise data will be available for formal experiments, in
which case it is probably preferable to refer to the database of the experinmént itse
using appropriate links.

Once complete, the data should be signed off by an independent scientist, and
maintained and archived according to local data management practices.
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LEAF AREA INDEX

Giorgio Matteucci and Miklos Kertész

ECOLOGICAL INTEGRITY INDICATOR : Energy input

MEASURABLE : Leaf Area Index

PROTOCOL SUMMARY

This protocol is related to the measurement of Leaf Area Index (LAI), whejoleserd a

basic structural and functional variable of terrestrial ecosystems Ateaflndex is defined

as thetotal onesided foliage area per unit ground surface area. LAl has relevance for
radiation interception by the ecosystem and is usually lglasenected to its Net Primary
Production. LAl can be assessed by direct (e.g. collection of falling leaf litter; harvesting of
grass, herb or crop; allometry for assessing foliage biomass) or indirect methods (all based on
the interception of incoming daation by the canopy). The latter are usually more suitable for
ecosystem of a certain height (e.g. forests, shrublands) or a certain spatigéarents (e.qg.
croplands, tree orchasd For those systems where it is applicable/feasible, it is advisable
assess LAI at least once with both methods (direct, indirect). Leaf Area Index can be used in
connection with remote sensing derived indexes (e.g. NDVI, Normalised Difference
Vegetation Index) and has hence a potential for upscaling and continuousrimgndtf
ecosystem features.

KEYWORDS
leaf area index direct measurements, leaf area index indirect measurements, leaf litter, leaf
mass per areapecific leaf area
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SCIENCE BACKGROUND

Leaves are the active interface of energy, carbon and water exchanges hetgedation
canopies and the atmosphere. The leaf component of a canopy may be quantified by its
structural attribute Leaf Area Index (LAI, one sided projected leaf area peofugibund

area). This important parameter regulates a number of ecophysiological processes, such as
evapotranspiration and photosyntheaisdis related to stand productivity. Furthermore, LAI

is a key variable in various standnd regionakcale modelsnd it is a variable with very

close connection to remote sensing (Cutini et al., 1998). Hence LAI is a very important
structural and functional index for ecosystem characterisation in ecological research and
monitoring.

LAI can be measured directly byl=xting leaves or tree allometrrelationshipsn forests

(see protocol onaboveground biomass) or harvesting small parcels of vegetation in
grassland and cropland. As direct measurements of LAI are usually difficult and time
consuming, indirect procedes based on the measure of light transmission through plant
canopies have been developed.

Knowledge 6 the key parameters of carbon cycle is essential in understanding of the function
of ecosystems. However, the measurement of those parameters, gspectalirestrial
ecosystems,is very cosly and labour intensive, thus, a combination of different
measurement, including direct measurements, measurements on proxy Vvariables, and
calibrations are applied for estimating of the key variables.

In case ofémperate steppe biome, under certain conditions (unimodal yearly growth pattern
of living plant biomass, regular removal of plant biomass after the yearly peak), maximum
yearly plant biomass is an appropriate estimator of annual net primary productioRYANP

a given terrestrial biome, the living plant biomass is strongly correlated witareafindex

(LAI). LAI is extensively estimated by means remote sensing; the ANPP can be estimated
using the yearly pattern of LAI. Thus, direct measurements ofyyeaximum living plant
biomass and LAI give opportunity to apply a broad spectrum of known correlations, as well
as crop production simulation results, for estimating ANPP.

METHODOLOGY
Leaf area index in forests
MEASURABLES

Leaf Area Index

Leaf Area Index (LAI) is defined as the total esided foliage area per unit ground surface
area and represent a basic structural and functional variable of terrestrial ecosystems. LAl can
be assessed by direct (e.g. collection of falling leaf litternydsting of grass, herb or crop;
allometry for assessing foliage biomass) or indirect methods (all based on the interception of
incoming radiation by the canopy). The latter are usually more suitable for ecosystem of a
certain height (e.g. forests, shruldah or a certain spatial arrangement (e.g. croplands, tree
orchard). For those systems where it is applicable/feasible, to increase reliability of LAI
measurements, it is advisable to assess LAI at least once with both methods (direct, indirect).
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METHODS

Direct methods

In deciduous forests, Leaf Area Index can be assessed directly by collecting falling leaves by
a number of litter traps (funnels), weighing them and assessing the ratio leaf area to weight
on a subsample of collected leaves. In evergreen forests, fadigutjes do not equal standing

leaf area but are, in the medidong term and on the average, equal to annual foliage
production. Hence, in evergreen forests, direct measurement of LAl can be made using
allometric relationships developed to assess tree coemp® biomass (see protocol on
biomass).

In grassland and croplands, direct measurements of LAl can be made by harvesting small
parcels of vegetation, weighing the harvested biomass and measuring the ratio leaf area to
weight on a subsample of collecteadterial.

LAl in forest (protocol based ICP Forests procedures as modified within LIFE+ FutMon)
(ICP Forests manual are available lattp://icp-forests.net/page/icforestsmanua).

LAI for a plot for each year is computed from total leaf litter diymass of that species in
that year (JainJan) per mmultiplied by a ratio to convert dry weight to leaf area.

Sampling and traps design

Leaf litter is collected by litter traps (collectors).It is recommended to sample litterfall from at
least 10 colletors per plot under uniform forest cangayndup to 20 or 30 collectors under

mixed species or in larger plots with uneven topography. Leaves from deciduous trees are
more susceptible to turbulent air movement than conifer needles. This effect may be
mitigated either by increasing the number of litterfall traps (e.g. 10 traps for coniferous
species and 20 traps for deciduous species) or by increasing the collecting area of each trap
(especially for species with large leaves).

Litter traps should be disbuted all over the plot area. The traps are fixed and may be placed
randomly or systematically e.g. at regular intervals and in sufficient number to represent the
whole plot and not only the dominant tree species. Figure 1 gives examples of two litterfall
trap designs.

Mesh trap ‘ A Soli Fnel ith bag
Fig. 1. Examples of litter traps design
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It is recommended that the litterfalaps are not fixed too close to the ground, to ensure
adequate water drainage. The opening area of the collectors must be horizontal.

Canopy leaves (and other litterfall) inputs are collected in nets or litter bags. These nets/bags
are attached to &rame of durable material, with a known area of minimum 0.3 m
preferably 0.25 mbut larger area can ensure more reliable results (e.g.?).5ne sampling

area must be sufficiently large to be able to determineféitteamount (10 to 20 traps per

plot). For tree species with very large individual leaves, the collecting area of individual traps
must be increased (i.e. up to 0.3 m

It is recommended that the litter bags or collecting funnels are at least 0.5 m deep to prevent
litter from blowing ou of the traps. Deposition of litter into these traps due to lateral
movements by wind is assumed to be minimal. The material of the mesh must not interact

with the litterfall sample. The mesh size of the bags must be large enough to allow for easy
drainage of water. It is recommended to adapt mesh size to the dimension of smallest
elements, i.e. for needles from coniferous species up to 0.5 mm (but if there is interest in
other Ilitter input such as f i nestextubefneedss s d mz:
to be much smaller). During the winter season in areas of heavy snowfall, traps may lowered

on to the ground to avoid breakage of the collector structures.

Sampling frequency

It is recommended that litterfall be collected at least monthtyeven biweekly in periods

of heavy fall, which may be emcident with heavy rainfall. This is to avoid peellection
decomposition in the bags. The samples may be pooled to periodic or annual totals once the
monthly variations in amount (and qualityave been investigated. In regions with snow in

the winter or which are very remote, it may be impossiblerpty the traps at regular
intervals. Litterfall may then be collected once before the winter period and once after
snowmelt, as frost will limit bth drainage and litter decomposition. Total values for this
period should then be subdivided proportionally to the months passed since the first
collection.

Converting dry weight to leaf area
The ratio leaf area/dry mass is named Specific Leaf f84A) and its alternative expression
is as LMA ( leaf mass per area):

SLA = area/wt (hg?)
LMA = wt/area (g ni)

SLA can berecordedon both fresh weight and dry weight bases, but the latter gives better
standardisation between sites. It has to be detexdnfor each main canopy species on a
random subsample of litter leaves (at least 100 leaves from different traps). Preferentially,
five replicatesfrom one year leaf litter total should be analysed to obtain a measure of the
variability of the materiafrom the site accruing through the ye8LA can be measured leaf

by leaf or in bulk as an annual value smoothing out the variations of the individuals. After
measurement leaves should be oven dried for 48 hours at max 80 °C, and then allowed to
coolin adry placebefore being weighed.

Canopy Leaf Area (LAl fim® ) can be calculated from these weight/area va($s)
combined with the litterfall leaf biomass accrued throughout the year.
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If litterfall leaves are dry, either through storage or oven treatnthey will be more fragile

than green leaves. If they are taken wet, they are likely to be more dirty than freshly fallen
leaves, and may need to be cleaned and flattened before leaf area measurement. If canopy
representative measures of SLA are needeaves as complete as possible need to be
measured, or at least have a balance of mid rib and petiole. For dried litter leaves either
folded or curled, a soaking technique may be required to ensure sufficient flexibility for
measurement. This is possilite@ most broadleaves. Occasionally for very thin leaves (e.g.
Fraxinus excelsigr area losses may also occur. Test on each species collected should be
conducted to establish a standard treatment with a known effect. ltagieeof dehisced
Fagussylvatia leaves, which dry folded into a concertina, a brief soaking in hot water (60
70 °C) has been found to flatten leaves sufficiently for measurement, but weight losses of 5%
have been recorded after longer overnight soaking. HoweverQémrcus robur and
Q.petraeaeaves weight loss is minimal over the same time period. For thinner leaves such as
Corylusavellang or Fraxinusspp, a soak of an hour or so will be sufficient, as weight losses

of up to 15% weight have been recorded after long soaking.

Any weight loss due to a soaking procedure should be incorporated into the SLA calculation
as a correction factor before LAl is calculated from the litterfall weights.

For short conifer needles, which have dried (e.g. spruce), area measurement is often
obtainable after cleaning, as they do not change area. However, finer needlear{e.Jgare

difficult to prepare, and twist on drying. These would need a short soak and would be best
measured on a hand swipe machine where they can be laid flat. Loegkzsnéeg some
Pinusspecieg also twist on drying, and are very difficult to soak out, as they then break up.
Area/width/length measurements are best made from these if they can be kept damp from
abscission

All samples should then be dried at max 80f6€48 hours before weighing for calculation
of SLA & LAL

Leaf area measurement

Leaf area can be measured with suitable commercial equipment. As an example, samples can
then be passed through the rollers of, for example, th20€ILaser area or the Delt T

Leaf Area machinefNowadays is also possible to use imaganning techniques. Software

are available also on the web to evaluate the area of samples against a background of known
area (e.g. leaves over a A4 paper or over a A4 scanner

Indirect methods (based on experimental protocol developed within LIFE+ FutMon
http://www.futmon.orgy

Beneath the direct determination of LAI from the litterfalimples (direct method) it is
possible to make respective assessments from various radiation measurement methods
(indirect methods)Indirect LAl measurement with optical/light absorption techniques are
usually more suitable for ecosystem of a certaiglitefe.g. forests, shrublands) or a certain
spatial arrangement (e.g. croplands, tree orchard).In addition tosbAle of the indirect
methods producadditional parameters, su@s gap fractionbiomass indices and photo
documentatiorof the site
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Sanpling design

In order to get an estimate of the variation of the leaf area and so of the crown structure and
light conditions under crown a systematic sampling design can be recommé@ied.
sampling design will depend on the size of the plot and on cahemht (see Quality
Assurance). In ICP Forests, where the minimum plot size is 0.25 ha, a grid net of at least
10x10 m resolution is proposed.

If a measurement point is lying within a distance less than 2 m from an obstacteeéeay
bolder) the measing point is moved so that it is at least 2 m away from all obstacles. Each
point must be marked permanently in order to allow for repetition in following seasons/years.
A measurement height of 1.5m is defined in order to avoid disturbances by lowes shru
installed litterfall or other samplers which could disturb the radiation measurements. It could
be wise to perform measurements in the proximity (photograph) or above (optical devices
such as LiCor LAI2000) the traps for litterfall collectioifhe location of each measurement
point should be documented.

Frequency of sampling

Time frame for LAl determination (field survey):

All measurements are made in the following time frame:

1 summer measurements: during full crown development, depending on toeesspe
(ICP Forests: 16th July to 15th August)

winter measurements on deciduous tree species: during time without leaves

it is possible also to evaluate the seasonal course of LAl development by measuring
LAl in different time of the year

1
1

Using Canopy anahers

Instrument Name: ECor LAI-2000 Plant Canopy Analyz€Li-Cor Inc., Nebraska, United
States)
Predefined settings of the equipment during field work

1 preferably uniform overcast sky without any direct radiation contribution;
alternatively on sunnglays around sunrise and sunsgedlly);

1 30 seconds logging on clearing or above canopy measurement; use-iolbisest
measurement for linkage with below canopy measurements;

1 clumping factors, shoot/needle index need to be retrieved from hemispherical
photographs, TRAC measurements, direct methods, and/or from literature.

i follow strictly the advices given in the manub://ftp.licor.com/perm/env/LAd
2000/Manual/LA+2000_Manual.pdf

1 Date and time as well as the weather conditions have to be specified as precise as
possible.

If view caps are used, it should be recorded which one and towards what direction the
measurement was performed.

Data management and Parameter Outcome

Clumping factors, shoot/needle index need to be retrieved from hemispherical photographs,
TRAC measurements, direct methods, and/or from literature.FV2000 Data File Viewer (new
Windows program) is recommended and should be preferably used instead okotiErs

under DOS.

1 A is Above
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In general, the horizontal canopy model should be used (default), unless the stand is too small
or has a very heterogeneous upper surfélbe.instrumenbptic measures trasmittance using
five Aringso, ionoétheiskyiganapy.f f er ent port

In deciduous forest canopies, comparison of LiCor LAI 2000 LAl measurements have shown
that a recalculation of data based on four rings, with the omission of the reading5tt the
lower ring provides much better match with dirkat (Cutini et al., 1998).

In case of recomputation of data collected in the field for the above or other purposes, use
following setup (and follow manual):
Recompute Transmittance:

1 use theClosest in timeabove(A) record
i Transmittancelata largerthah s houl d be Aforcedo to 1
1 Omit reading of the lower ring

TRAC (Chen)
Another indirect method is the Tracing Radiation and Architecture of Canopies (TRAC). A

handheld instrument is used in the forest, the latest software version at moment of Protocol
preparation is TRACWin (2.3.4, 11.2007Predefined conditions:

1 clear sky
1 optimal solar zenith angle: 30° (best close to 57°)
1 position of transect perpendicular to sunbeams.

For the calculations and settings of the instrument following information must be known and
documented:

Mean element width (mm)

Needleto-shoot ratio

Woody to total area ratio

Spacing between markers of the transect (m)
Light above canopy

Zenith angle

Coordinates (geographical) Latitude Longitude
Time longitude reference

Computer clock

=4 =4 -8 _9_9_9_95_2°_-2

In addition to gap fraction (i.e. the share of caps in a crowngaten solar zenith angle) gap
size distribution is determined (i.e. the physical dimension of a gap in the crown). This allows
for the direct determination of the clumping factor and the integration of it during LAI
determination which is underestimaiéthe clumping effect is neglected.

Data output

1 photosynthetic flux density (PPFD) along a transect as way to obtain the mean value
of the transmitted light through the canopy; used to quantify the fraction of
photosynthetically active radiation (FPAR)s®arbed by the canopZlien, 1996);

"http://faculty.geog.utoronto.ca/Chen/Chen's%20homepage/res_trac.htm
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1 gap size distribution (Chen and Cihlar, 699
Main Parameters outcome (summary):

1 Mean Gap fraction

1 PAle (Plant Area Index)

il Mean PAle

1 Mean LAl

1 OMEGA

Hemispherical images analysis

For all photos it is essential that ttieection of the top of the photograph is directly to north
measured with magnetic compass.

1 Ideal conditions: uniform overcast sky Alternatives: before sunrise & at/after sunset

1 Use aperture of 5.0 t0 5.5

1 Start with measurements / photography with the etrineasurement point

1 Use-2 underexposure to the automatically exposure under canopy. alternatively use

+2 overexposure to the automatically exposure over canopy or at open area can be
chosen and fixed for photography under canopy; this presumes constant weather and
light condtions during the field observation; the use of a Notebook during field
observation for direct control of photo quality is recommended. Also a set of
photographs from 2 under exposure to +2 overexposure in the stand could be taken
in order to select afterards the best image from each measurement point for further
operating.

1 Image format standard: .jpg (high image quality settings)

1 Filter usage: In their standard setting, many digital cameras apply a software filter to
sharpen the picture. This filter aiid be turned off in order to avoid small errors and
increase reliability of photos.

1 Diffusion model must be documented with each photo evaluation settings.

General guidelines for data processing

1 use automatic mode to determine threshold values; uniteaéish is accepted here,
comparability of outcome of higher importance?
1 use colour mode instead of black/white if any available

For photo analysis three methods are recommended:

WinScanopy, HemiView, and Gap Light Analyzer

Those methods for interpretati of hemispherical photographs are briefly described below.
Any method used has to be documented in order to allow for a linkage to each resulting LAI
value and photo document. If settings have to be changed from one photo to the other or e.g.
from one die to the other, they have to be documented in addition.

WinScan0|:_)§/

The WinScanopgystem concludes all instruments which are needed for the determination of
LAI starting with the camera, lens, and specific tripod up to the evaluation programme. All

®http://www.regentinstruments.com/products/Scanopy/Scanopy.html
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recommendations made in the manual and in this field protocol should be followed during
field work.

The recommended version of the Software is WinScanopy pro 2003 d pro version, which
makes possible to evaluate photos in batch mode. Some screenshots of the programme
showing settings for data processing:

HemiView (link to manual and webpade)
Camera systems which are recommended: Nikon, Canon, Minolta used by respective expert
in project: Nikon Coolpix 4500 with FE8 (Zhang et al., 2005 protocol)

1 Common Lenses: predefinedFC-E8/Coolpix 4500 (990 series), HEQ/Coolpix
8400 series,Sigma/Canon SLR; possible to add any héans, based on few
parameters

Useful additional devices:

1 Self Leveling Mount System: SLMBM-1, DeltaT Devices Ltd.
1 Tripod: Manfrotto 681B.
1 Software: Hemiview 2.1

A description of the system can be downloadedfr
http://lwww.deltat.co.uk/groups.html?group2005092332185
Manual: ftp://ftp.dynamax.com/Manuals/HemiView_Manual.pdf

Aperature: preferred 5.3 or similar

Data processing:

Software: Hemiview 2.1 (Deltd Devices Ltd.)
http://www.deltat.co.uk/groups.html?gup2005092332185
Manual: ftp://ftp.dynamax.com/Manuals/HemiView_Manual.pdf

Output:
1 LAl in Skymap Sectors (LAI)
1 LAI by Angle Class (LAD)

Alternative photo devices and Gap Light Analyser (Freeware)

In principle many cameras and lenses may be usendlar to get hemispherical photographs.
These may be evaluated using specific software as the proposed systems above do or using
available Freeware. In this chapter an additional system is proposed in order to underline that
alternative devices may be useohd in order to give an example for a respective
documentation of the devices and methods which are applied in the eddlcast sky
conditiors are recommended to avoid reflections on the lens and also to avoid blooming
effect i.e. when there isiniform cloudiness or in the hour before sunrise or after sunset,
when no direct solar radiation is present.

Example
Nikon CoolPix E8708 with theNikon Fisheye Converter FE9'

*http://www.delta-t.co.uk/groups.html?group2005092332185
10http://www.nikonusa.com/pdf/man uals/coolpix/CP8700_en.pdf
" http://www.nikonusa.com/pdf/manuals/tnirp/Coolpix_Accessories/Coolpix_Converter_lenses/FCE9.pdf
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Basic camera settings:

1 Aperture: 5,0

1 Exposure:2 steps or follow up fror2 stepgo automatic exposure under canopy.

1 In their standard setting, many digital cameras apply a software filter to sharpen the
picture. This filter should be turned off, because it can also introduce small errors.

1 nfieyylre settingo of thémomuisfiged at evidasteangke antde a n s

focus is fixed at infinity

Software:

Gap Light Analyzer 2.0 (GLAY (freely available)

Software Manual: included in the installation (GLAV2UsersManual.pdf)

Outcome:

i Initial and final point of evaluation have to be do@anted with each LAI value or
photo interpretation, respectively.

1 Total Openess, Gap Fraction, LAI 2000G

Direct leaf-area index measurement in grasslands anctops

The direct measurement based on harvesting of the aboveground part of the vegetation (see
sectionAbove-ground biomass in grasslands and forests in chapter Aboyground plant

biomass Thus, aboveground biomass measurement is always part of direct LAI
measwement in case of grasslands and crops (Milner and Elfyn Hughes 1968).

The metadata should consist of geographical coordinates, elevation, exposition, habitat type,
and sampling scheme, including number, size, and arrangement of sampling units. The
specfic measurables are as follows:

1 Yearly maximum of aboveground biomass of vascular pMaasurements of the
aboveground biomass of mosses and lichens are optional. In case of woody plants
(shrubs, dwarf shrubs, vines), the biomass of the offshoots tdghgrowing season
should be measured. Yearly maximum aboveground biomass data for each vascular
species separately are optional.

1 Specific leaf area (SLABLA should be separately measured for either each species
or for each seemingly different leaf tyypeSLA data for each vascular species
separately are optional.

1 Yearly maximum of leafrea index (LAI).LAI should be separately measured for
either each species or for each seemingly different leaf types. Yearly maximum LAI
data for each vascular specseparately are optional.

Site selection

The criteria of site selection are as follows:
1 VegetationThe vegetation should be dominated by-stéimmed vascular plants.
1 Longterm security. The treatments of the sites should be as permanent and
predictableat long term at possible.

12http://www.ecostudies.org/gla/
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f HomogeneityAs the sampling units are relatively small (0.5 x 0.5 to 1 X}, the
biomass and LAI of the studied plots should be homogeneous enough to be reliably
sampled by a few sampling units.

1 Representativitylt is desirdle that the sites represent areas which are characteristic
to the region and consist of patches large enough to provide reliable remotely sensed
data.

Method

§ Sampling units and desigBquare shaped sampling units are used, from 0.5 x0.5 m
to 1 by 1 mi. The number and arrangement of sampling units have to be reliable
estimation of biomass and LAl of the plot. Depending on the heterogeneity of the
grassland, application of one to five sampling units is suggested per plots.

1 Timing In grassland mown once year, sampling should be made right before
mowing. Otherwise, or in case of multiple mowing, the sampling should be made
once a year, at the time of the maximum LAI.

1 Clipping. As much as possible, clipping should be made right at the level of the
grourd. The old bunches of grasses may form small mounds of dead plant material
and soil; that part should be left on the ground. In case of wetlands, the ground can be
a soft net of mosses and roots. There the ground could be determined by the lowest
level of seemingly green plant material. The woody parts of plants which are
seemingly older than one year, may be left in the sampling units.

1 Drying. All plant material should be dry at 8D until constant weight. (If this were
impossible to achieve, drying at motemperature in well ventilated dry room until
constant weight is satisfying.)

1 Separation into fractionslf it is possible, separation must be done while the plant
material is still wet. It is often impossible, thus the dry plant material is sepairated,;
this case, the status of plant material should be extrapolated back to the time of
clipping. Three fractions should be form: (1) plant material which was dead in the
time of clipping, (2) nofphotosynthesising living material, and (3) photosynthesising
material. The woody parts of the pants which were seemingly grown in previous
seasons should be counted as dead material. If it could not be decided whether a part
of the material were photosynthesising or not at the time of clipping, it better to count
as photosynthesising part. Theoretically, only leafs are counted as photosynthesising
parts, the otherwise green stems and inflorescences not. However, in case of certain
plants, the stems provide the photosynthesising surfaces (e.g. the stegussetum
species); in these cases, the stems are also counted as photosynthesising parts. The
plant material can also be separated by species or other groups.

1 Biomass Biomass is calculated by summing up the dry weight of all living material
(fractions 2 and 3), ahexpressed in grams/m

1 Preparation for area measurementhe photosynthesising material should be
separated into groups consisting parts of seemingly similar morphology, and therefore
SLA. Then, the groups are weighted, and subsamples of known weightsan for
area measurement.

1 Area measuremenA few firms offer special leaf area lab meter with conveyor belt,
e.g. LFC OR @1s3100C Area MeterHowever, any high resolution scanman be
used for area measurement applying simple image analysis. Preparing the plant
material for scanning, small pieces and varyingly rigid dry plant materials can be
effectively slick down by sticking them to adhesive transparent sheets, and then cover
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them with another transparent sheet, i.e. filming them. High resolution monochrome
picture can be produced by scanning with suitably selected threshold of brightness,
and then the number of black pixels stands for the total leaf area on the picture. The
scaining parameters could be set by trial and error method using nar®wn(g)
stripes of papers of varying thickness, up to at least 1 mm.

1 Calculation of SLA and LAIThe subsamples of known weight and area provide the
SLA in mf/grams for the morphologyrgups; the total area of the groups can be
calculated by multiplying their SLA and weight. Sum of the areas of the morphology
groups divided by the area of sampling unit provides LAl ffnth

Data capture

Data from direct measurements (litterfdilarvesting of grass, herbs, crops; SLA or LMA)

can be organised in spreadsheet. It is important to always report measurement date along with
the data line. When usirgspreadsheet, it is informative to maintain the underlying data for
final LAI calculaion (e.g. foliage biomass, Specific Leaf Area, etc.) that can be then used and
compare with past and future measurements.

Data collected using indirect methods are usually organised according to the instrument data
handling and downloading sep and carthen organised in spreadsheets or tables. Software
for the calculation of LAI from hemiggrical or similar images usually calculaieAl and

several accompanying variables (e.g. gap fraction, percentage of intercepted radiation, mean
angle of foliage, ety.

In case of grasslands and croplands, afgpeend biomass and specific leaf area of leaf
morphology classes (or species) are inherent parts of the collected datasets.

Quiality assurance

Leaf Area Index is subject to canopy phenology. For ecosystem characterisation it is
important to assess LAl at least at its maximum (normally incérdre of the growing
season). As LAl changes with canopy phenology, it is important to always report
measirement date along with notes on the phenological status of the ecosysem.
ecosysters with different canopy layers (e.g. trees, shrubs, herbs), it is important to relate
LAI values to thecorrectlayer (e.g. whole ecosystem, main canopy, etc.), whilgystems
characterised by species with different seasonal phenology (e.g grassland with spring and
summer species), LAl should be assessed in different seasons.

The number of samples collected (direct methods) or measurements taken (indirect methods)
hasto be sufficient to assess LAI of the site, at the scale relevant for the analysis (e.g.
experimental site or ecosystem characterisation; primary production studies; footprint area of
flux measurements; mapping; connection with remote sensing; etc.)n Axample, in
relatively homogenous forest, 10 to 15 points over a grid covering 0.25 to 0.50 ha can be
sufficient to derive forest LAI.

In the case of indirect methods, the coverage of each single measurement can be calculated in
advance according teecosystem structural features (e.g height of trees) and/or the
characteristics of camera optics (field and angle of view). Hence, when using these methods,
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sampling points should be spatially organised in order to have a limited overlap, with a
proper coveage of ecosystem variability.

In grasslands (and croplands) the selected sites for clapping should be representative for the
aboveground biomass, as well as for the distribution of the weight and area of leaf
morphology classes. The area measurementinbgns ofscanner should be calibrated by
paper stripes and shapes.
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SUMMARY INSTRUCTIONS
Forests:
Habitat: forest, dominated by trees that o@auh, at maturity, more than 10 m.

Sampling unitdneasurement points

for indirect measurements: random or gridded points distributed within the target ecosystem
and spaced apart so that overlap among measurements perforradfcantpoints is
minimised. The number of points should allow estimation of LAl of the ecosystem (usually
10 or more).

for direct measurements: litter traps, to be placed at at least 1 m above the soil. Traps can be
distributed randomly or in grid within the tgt ecosystem. The number of points should
allow estimation of LAI of the ecosystem (usually 10 or more).

Measurement methodirect: litter traps or biomass collection; indirect: optical devices, such
as LiCor LAI 2000 or digital photograph

Data: Leaf Area Index (Mrliage Msoi ). In case of direct measurements: leaf biomass in the
litter traps (g if), specificleaf areaifi’ g%

Grasslands and craps

Habitat: grasslands and croplands, dominated bysseftmed vascular plants of less than 2
m height

Sampling units: 0.5x0.5 to 1x1°muadrats; the number of units and the spafi@ngements
should provide reliable estimation of average abgnaeind plant biomass, specific leaf area,
and LAI

Measurement method: clipping, drying and weighing, separ&afs into leaf morphology
classes (or species), leaf area measurement by scanning

Data: dry abovground plant biomass, iy, biomass (gn®), specificleaf area i’ g*) and
LAI (Mpiiagee Msoii 2) Of leaf morphology classes, total LAhjiage” Msoii2)
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SOIL MACROFAUNAL DIVERSITY

Amélie Joseph, Elli Groner & Cristina Menta

ECOLOGICAL INTEGRITY INDICATOR: Biotic diversity

MEASURABLES: Soil biodiversity, Index of soll
biological quality

PROTOCOL SUMMARY

This protocol is intended for the assessment of the soil macrofaasant in a studied site
through a simple index which doesnét i nvol
represents a high diversity of fauna adapted to life in the soil and corresponds to a good
biological quality of the soil.

Soil samples areollected in situandthe soil fauna are extracted by a dynamic extraction
method (Berlese Tiullgren funnel). The fauna is identified at the level of Recognizable
Taxonomic Unit (RTU), which means order or class depending on the specialization of the
orde. Each RTU found in the sample receives a score from 1 to 20 according to its
adaptation to soil environment, following a score grid. The final index sums up these scores.
Some orders are consistent in their performance and all the order gets the seraadcD
identification or RTU is to the level of order and some orders are heterogeneous in their
performance and there is a need to identify to family, which is the RTU.

The data include:
1 Location, area, soil covefFhese are the site metadata, plusadat every spatial unit
inside the site if necessary.
1 Soil fauna diversityFor each type of soil fauna, informatiabout presence/absence
and score of adaptation to edaphic life, according to the scoring grid supplied.
1 Soil quality indexAggregation 6the score of each fauna type in a single index.

KEYWORDS
arthropods, invertebrates, soil biodiversity, soil macrofauna, soil mesofauna, soil quality

Page
42




SOIL MACROFAUNAL DIVERSITY ExpeERProtocol Handbook

SCIENCE BACKGROUND

There is a need for an index that descri be
composition. Species richness, abundance anc
soil quality. Several indices have been deve

The simplest approach is using a esimdl9® 33 pe
However, this method not only requires find
single species could be an iensds wraeso.r Alfs omafno
| arge scale project, it i's less |ikely that

such as species ricWneseasr, I1Seéa@tsoinn oa \WSdmraynnom
Sso many parametersraaheaffl®OOB)t hdMml|l ( Vamr Bat
shown to be good methods of showing differert
indication quality. The index that i's based
potenti al tooneh e basts Jdiatc&klsl eval i dati on. The ma
1997) is based on a soil guality classifica:
preferences for each taxon A high |l evel of
Aacidity indexo (Van Straalen 1998) shares
index, in synthesising different characteris
test the effect of acidity.

Soil quality monitoring is often ir@essible to land managers because the measurement
systems are too complex, too expensive or both (Herrick 2000), despite its utility as an
indicator of environmentally friendly use of natural resourdé® application of biological
indicators is often mited by the difficulties in classifying the soil fauna. Therefore, we use a
simplified ecemorphological index that does not require the classification of organisms to
species level: which allows a wide application without specific technical skills.

Here we propose ra efficient and lowcost biological index of soil qualityThe -@BS
index (Qualit”™ iBbasetl onghe tolowingednce@:uhe highgr is the soil
guality, the higher is the number of microarthrogwdups morphologically well adapted to
this soil habitat. This protocol, through the study of the soil macrofauna, provides information
on the soil biological quality which is an indicator of land degradation. The fluctuation of
the soil quality can beelated to direct human inputsi¢luding land management practiges

or to longterm processes such as climate chattyis applied to the soil microarthropod
community, separated according to the biological form approach with the intention of
evaluatingt h e mi croarthropodsé | evel of adaptat.
overcoming the welknown difficulties of taxonomic analysis to species level for edaphic
mesofauna.

Focusing on the presence of some characters of adaptation to soil, and moigrelje

complex taxonomic identification to the species level, means thaspmmialists can use

QBSar analysis also. In a short period of time (5 days) one trainedd be able to apply

QBSar in althe pr ot ocol 6s phases. déxt for icamtinuaus g o o d
biomonitoring of soil communities to describe patterns and processes in the microarthropod
biodiversity across the landscape. A deeper knowledge of soil biodiversity in response to
landscape use will provide guidance in effective managéenplanning for sustainable
renewable resource use and nature conservation.
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QBSar has been developed by an lItalian team (Parisi et al, 2005) and has been tested in

several sites across ltalye . g . Bl asi et al . 2008,8 HaMadejy ¢
et al . 2011) for testing the effects of for
emi ssi on, agriculture, heavy metals and ottt
identifying the fauna to the species | evel
METHODOLOGY

Soil organisms are separated into biological forms according to their morphological
adaptation to soil environments; each of these forms is associated with a score nhamed the
EMI (ecomorphological index), which ranges from 1 to 20 in proportion to theedegf
adaptation. The QBS&r index value is obtained from the sum of the EMI of all collected
groups. If in a group, biological forms with different EMI scores are present, the higher value
(more adapted to the soil form) is selected to represent the grae QBSar calculation.

This choice is based on the consideration that the examined soil is able to support well

adapted and consequently more vulnerable biological fBren.r i s i proali deg2004ab
to easily calculate the index.
Frequency

In natural and sematural conditions the protocol should be completed every year, at the
same period of the year, since the composition of the soil fauna partially varies with the
seasons. The winter should be avoided, cold temperatures reducing vig/@esence of

the soil fauna. In stable conditions it is adequate to collect the soil sample once a year (e.g. in
the woods, grasslands); when the soil conditions change during the year (e.g. in agriculture
ecosystems), the protocol can be completeevery season. In agricultural ecosystems, soil
fauna composition and density vary in relation to tillage, crop rotation, organic matter
management. In these cases, it is more desirable to collect the soil sdarpigshe last

period of cultivation (whe the soil fauna community is less disturbed and the organic matter
content is higher).

Data should be entered on for each identified spatial unit.

Measurable
1 Order or class level of soil fauna collected (Recognizable Taxonomic Unit)
1 Abundance per RTU
f Scoring of each fauna group depending on
1 Soil biological quality index calculated by adding the scores

Materials

1 For sample: soil coreplastic bags, andbellingequipment

9 For extraction BerleseTullgren funnel): spotlight 40W, large funnel, mesh (size
2mm), and collecting vessel with preservatigid (e.g.2 parts 75% ethanol and 1
part glycerol)

1T For identification: mi croscope, petri C
identificationkey.
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Data capture

In each site for each unit, three soil cores, 108 @md 10 cm deep are collected in spring or
in autumn, with a standard soil corer. Only soil is taken, the litter layer is removed before
sampling.

The soil samples are sealedpiolyethylene bags and are transported to the laboratory within
48 hours. A Berles&llgren funnel is used for microarthropod extraction, the specimens are
collected in a solution of 75% alcohol and 25% glycerine by volume.

The extracted specimens are observed under a stereomicroscope and identified at different
taxonomical levels: classes for miriapoda (Diplopoda, Chilopoda, Symphyla, Pauropoda) and
order for insets, chelicerata and crustacd&e organisms belonging to édgiological taxon

are counted in order to estimate their density at the sampled dejdhc(@) and to relate the
number of individuals and the sample area to? bithe surface (ind/A).

According to the QB&r grid, each taxonomic unit is given a score named the EM} (eco
morphological index), which ranges from 1 to 20 in proportion to the degree of adaptation.
The QBSar index value is obtained from the sum of the EMI of all collected groups. If in a
group, bidogical forms with different EMI scores are present, the higher value (more adapted
to the soil form) is selected to represent the group in the &RB3lculation.

QUALITY ASSURANCE

The operation requires trained personnel for the 3 steps of the praoitadample, animal
extraction, identification of groups and scoring.

EQUIPMENT

The extraction of fauna from the soil sample by a dynamic method requires an extraction
funnel: the Berles&lllgren extractor(Berlese, 1905, Tullgren 191 &an be builteasily
according to a common protoc@outhwood 1994) The respect of the protocol for the
extraction stage is particularly important for the quality assurance of the indicator.
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sample
on screen

collecting
container

70% ethanol

Figure 1: Design of the extractor
http://www.ars.usda.gov/main/docs.htm?docid=10141&page=2
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Scoring tables(from Parisi et al, 200%
Ecomorphologic indices (EMIs) of edaphic microarthropod groups

Group EMI score
Protura 20
Diplura 20
Collembola 1-20
Microcoryphia 10
Zygentomata 10
Dermaptera 1
Orthoptera 1-20
Embioptera 10
Blattaria S
Psocoptera 1
Hemiptera 1-10
Thysanoptera 1
Coleoptera 1-20
Hymenoptera 1-5
Diptera (larvae) 10
Other holometaboloussects (larvae) 10
Other holometabolous insects (adults) 1
Acari 20
Araneae 1-5
Opilioes 10
Palpigradi 20
Pseudoscorpiones 20
Isopoda 10
Chilopoda 10-20
Diplopoda 10-20
Pauropoda 20
Symphyla 20
A simple scheme toEMlal cul ate coll embol anos

1. Clearly epigeous forms: middle to large size, complex pigmentation present, long,
well developed appendages, well developed visual apparatus (eye spot and eyes)

2. Epigeous forms not related with grass, shrub or trees well developed appendages
(possiblewell developed setae or protective cover of scales, well developed visual
apparatus.

3. Small size' though not necessarilyforms, usually limited to litter, with modest
pigmentation, average length appendages, developed visual apparatus.

4. Hemiedaphic forms with reduced number of ommatidia, scarcely developed
appendages, cuticle with pigmentation.
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5.

6.

7.

Hemi-edaphic forms with reduced number of ommatidia, scarcely developed
appendages, often short or absent furca, pigmentation present

Eu-adephidorms with no pigmentation reduction or absence of ommatidia, furca
preseni but reduced.

Clearly evedaphic forms, no pigmentation, absent furca, short appendages, presence
of typical structures such as psetmtli, developed postrantenal organs (cbea

not necessarily present), apormorphic sensorial structures.

Order Description EMI
Orthoptera | in general 1
Grillidae 20
Hemiptera | mostly epigeous or root feeding forms 1
Cicada larvae 10
Hymenopterg in general 1
Formicidae 5
Araneae smallforms, scarcely pigmented 5
forms > 5 mm 1
Diplopoda | forms > 5 mm 5
forms <5 mm 20
Chilopoda | forms > 5 mm well developed legs 10
forms <5 mm 20
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SUMMARY INSTRUCTIONS

1.

2.

3.

4.

5.

6.

7.

If the protocol has to be repeated on each site: it must be completed once a year at the
same period of the year. The respect of the same sampling period is particularly
important. If

The protocol should be repeated for each spatial unit identified irsithewith
homogeneous management practices and soil type.

Soil sampleon each spatial unit, 3 soil samples are collected, with a square soil corer
(surface 10x10 cm, depth 10 cm). Each sample is placed in a labeled plastic bag.
Extraction of faunaeachsample is processed in a Berldsdigren extractor, with 7

days of extraction (see below).

Identification of faunathe soil fauna is sorted by RTU (order or class level). The
absence/presence of the different groups must be recorded in the spreadshe#t,

as the number of individual per group.

Scoring Each group is given its adequate scoring between 0 and 20, following the
grid provided (see scoring tables below)

Final index:it is calculated in the spreadsheet by summing the scores.

Simplified Berlese Tullgren funnel

1
1
1
1

The soil sample is placed on a 2mm mesh, in a large funnel.

Under the funnel is the collection vessel, filled with preservative liquid.
A 40W spotlight is placed on the top of the installation

After 7 days, collection of the vess@ntaining the soil fauna

Location in plot: random; GPS record

Timing

Timing of sampling: time of maximum QBSa year of working, finding the month of max.
QBS, and after that it could be decided.

Soil sampling

Depth of sampling: @0 cm

Device for sampling: square cylinder, from metal

Size of cylinder: 20cm diameter, 10 cm high. If the cylinder is too big for sampling,
then combine small samples (of 10cm diameter)

Number of replicates: 3 per plot, in most representative ones.
Animal extaction

Length of extraction: 10 days

Storage

Soil storage before extraction: maximum tiin28 hours.
Storage temperature: 25 degrees, in a plastic bag with air.
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SOIL ORGANIC MATTER - CARBON AND NITROGEN STOCKS

Carsten W. Miller

ECOLOGICAL INTEGRITY INDICATOR: Matter storage
MEASURABLE S: Soil bulk density, Carbon and Nitrogen
content

PROTOCOL SUMMARY

This protocol captures a basic soil feature on site specific carbon and nitrogen cycling, the
stocks of carbon and nitrogen in the soil. Thus, the obtained data is crucial for any kind of
carbon and nitrogen balancing on a plot or field scale. Thererammlaer of ways to select
sample spots, for sampling frequency and number of replications. Those always depend on
the ecosystem and the specific research question.

The following recommendations are based on the comprehensive work given by Stolboyoy et
al.(2005Ai Soi | sampling protocol to certify the c
soils of the European Uni ono, ntheeertificationhe aut h
of organic carbon stocks in mineral soils of the European Union. The sampling of organic

layers is added to the protocdhese soil parameters together with soil moisture and nutrient
availability deliver a crucial background for sgealuation.

KEYWORDS
Soil bulk density, carbon content, nitrogen content, total carbon, total nitrogen
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SCIENCE BACKGROUND

This protocol aims t@xplain the main requirementghen collecting samples for soil C and

N stock informationBy obtainingthis data, it will be possible to relate stand biomass, soil
microbial biomass, root mass etc. to reliable information about the C and N content and
especiallyC and Nstocks in soil. The protocol includes the evaluation of the soil C and N
content and theéetermination of the soil bulk density. A general overview on soil methods
including soil organic matter is given in Pansu and Gauthe{2603) and Peterserand
Calvin (1996) Principles of chemical carbon ansdg are given in SwiftSwift, 1996)

METHODOLOGY
Measurables, Site Selection and Frequency

C and N content  Principles of chemical carbon ansdg are given in Swif{(Swift,
1996) The most used method to arsyC and N cocentrations and
thus organic matter content is the lab based dry combustion. The
content of total carbon and nitrogen is measured in bulk soil samples of
the soil depth and or horizon of interest. Preferably, bothaog sub
soil horizons are included in the measuremess, the sulsoil
comprises an important reservoir for organic maiterstly derived
from root input. Furthermoreif applicable alsothe organic layer
material(especially in forest ecosystensill be analyed. The total C
and N is analysed in duplicaté air dried samples via dry combustion
using an elemental analyzer. The samples for C and N contensemaly
are taken as disturbed samples, air dried, sieved over a sieve of 2 mm
mesh size and homogenized. For referencing the obtained C and N
contents, a drying of soil aliquots at 105°C for 24h is crucial.
When carbonates are present, e.g. pH over 7, allglacarbonate
destruction and inorganic carbon quantification has to be done. This
can either be done by combusting the organic C at 450° for at least 4
hours, or by acid treatment usiagy.HCI.

Bulk density Bulk density is crucial for all determinahs of elementstocks, either
C or N or soil nutrients etc. For bulk density measurements a known
soil volume is taken to the lab and dried at 105°C for at least 24 h until
constant weight. From the dry weight and the volume, the bulk density
is calculatel. For the determination of the volume and weight of the
organic | ayer ag.square frame 20r29 cnf) is asede 0
to remove the total organic layer material within the frame. This
material is taken to the lab in order to determine the weifgtiteototal
organic layer materiafter drying at 105°C to constant weight
In mineral soils with low skeleton content, steel rings of o are
usuallyused to sample a known volume. At least 3 replicates per soil
depth / horizon should be taken. Bulknsity accounts by definition
only for the fine earth (< 2 mm), thus after the weighing of the dry soil,
the soil has to be sieved over a sieve of 2 mm mesh size. The skeleton
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Site selection

Frequency

Samplenandling

(> 2 mm) has to be weighed. By assuming a medium density of 2.65 g
cm® for theskeleton, this can be subtracted from the bulk density.

On every sitepulk density and C and N stocksve to be seen as
standard valug The spotat a research site which has to be sampled
depends on the heterogeneity of the ecosystdmreas croplands are
either homogeneous, mountainous forests are very heterogereous.
rough estimate would bdor heterogeneous siteslasting pattern for
sampling (e.g. comparable rock content, slope inclination, distance to
trees)can be chosen whiclis maintainedin the future,but at least 3
replicated spotshouldbe analysed.

Stolbovoy and ceauthors (2005) recommended a grid sampling
approach, using gemplate with 100 sampling points that have to be
layed over a map of the sampling site. For sites with an area of less
than 5 ha, 3 composite samples are recommended. The sampling points
consist of a soil pit for soil morphology and bulk density evabunet
whereas the composite sample (C and N content, pH or CEC etc.) is
taken from 8 spots around the central soil pit. The sampling spots
should be fixed and kept for-sampling.

If a broader approach is envisaged, geostatistical approaches can be
used Thus, sampling on a grigvith different sampling distances
(nested sampling) with subsequent geostatistical evaluation is possible
and would enhance information on site specific heterogeneity, which
may also drive plant growth etc. For geostatisticalr@gghes high
numbers of samples (> 100) can be necegsdeffens et al., 2008)

At the absence of human management, the bulk density is a slow
changing variable. Thus, the measurement of bulk deaaitybe done
once every 5 years. But, if management takes placg. heavy
machines on cropland, water regulation in peatlards)changing
vegetation also is of interesin annuadetermination of bulk density
and especially C and N might be advisabla. fast changing
environments a yearly measurement is envisaged, around the same time
in the year (same month), in agricultural croplands at the end of winter
and not directly after harvest. In agricultural treatments, especially
tillage system trials, mame treatments but also energy crop trials the
yearly determination is crucial to detect slight changes on the long
term. Especially for croplands a fixed sampling scheme with a date
before soil amendments (compost or biochar addition) is crucial.

The samples for C and N analysis can be sampled as disturbed samples
using a shovel or spatula, just ensuring to not mix soil material of
different horizons or layersA prompt air drying of the samples is
suggested in order to slow down any mateation processes. If there

are no additional chemical dyses are planned for soil organic matter
composition the soil can be oven dried at 105° for 24 h. The samples
need than to be sieved and homogenized over a mesh of 2 mm size. Air
dried samplesra worth to store at a dry and cool place for future
determinations of for instance chemical properties or the determination
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of 13C and 14C content$he undisturbed soil samples from the steel
rings / bulk density determination.

QUALITY ASSURANCE

The sampling has to be doimmea cautious wayvith respect to the right soil depth / horizon
and an accurate sampling of the known volume samples. The more replicates are taken, the
better outliers can be avoided resulting from inaccurate sampling.
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GREENHOUSE GASES EMISSIONS FROM SOILS

Gemini Delle Vedove, Carlo Grignani & Chiara Bertora

ECOLOGICAL INTEGRITY INDICATOR: Matter output, Global Warming Potential
MEASURABLES: Soil emissios of GHGs CO,, N,O and
CH,

PROTOCOL SUMMARY

This protocol addresses the measurement of greenhouse gases (GHGs) soil efflux by sall
chamber methodology. The GHGs consideredCgN,O or CHj.

The two most used chamber based methods are presdheNon-SteadyStateThrough

Flow System NSS_TFSalso referreds closed dynamic chamband theNon-SteadyState
NonThroughFlow closed systemNSS_NTFS, also called closed static chambé&he
difference between the two methods is related only to the presence (Thiowghor not
presenceNon-ThroughFlow), of an insitu analyzer connected to the chamber by a closed
pneumatic circuitThe NSS_TFS has the best performancs in term of precision and accuracy,
but the availability of iffield operated analyzer limits its use. At present time, @@y soil

efflux is normally measured using the closed dynamic system, thartke tavailability of

low cost CQ IRGAs (Infrared Gas Analyzer).

N>O and CH fluxes are normally measured using closed static systems by collecting gas
samples to be analyzed later in thbdeatory. It is expected that all three gases will be
measured routinely #ield (eg using NSS_TFS) onceon dispersive clospath GHG
analyzerdecome more affordab(®enterea et al 2009).

The protocol considerthe most importanprecautionsto guaratee accurateneasurements
of soil GHGsefflux. These include

1 Chamberesign and deployment

1 Sampling frequency and intensity

91 Data collection and qualityheck offlux calculations

KEYWORDS
ClosedChambettechnique, static andiynamic chambeCO, N,O CH, GHG soil fluxes,
Soil Respiration, flaceGasEmissiors
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SCIENCE BACKGROUND

An increasing research effort intimate change and related effects on ecosystem responses
has taken place the last two decadebloreover increasing research is deployed to evaluate
mitigation and adaptation strategies both in forest, wetlands, grasslands and croplands. The
three main trace gasessponsiblgor positive radiative forcing (igreerhousegases GHG)

are CQ, NoO and @4, Their balance in the atmosphere is relatetuming carborrbased

fuels (CQ from oil, coal, natural gas and woodjydalso from a combination of land use and

land use changmnposed taerrestrialmanaged or natur@cosystemsn recentcentures C

and Ncyclesare interrelated in the terrestrial ecosysteamsl the warming climateould

resulta positive feedback effect on the net emissio@ ahd N derived@HGs.

To understand ecosystem responses to climate chamgesjor consideratiors requiredof

soil processes. Soil acts either as a potential @irksource of GHG ito the atmosphere.
Soils store in the Soil Organic Matter, the largest C and N pdaésrestrial ecosystems and

the fate of such pools depends ultimately on the balbetecen processes controlling soil C
and N inputs (i.e. primary production, belowground biomass allocation, littering, biological
and industrial N fixation) and output (i.e. soil CO2 efflux, N gaseous losses, erosion and
leaching) (Chapin et al 2012).

Stock change, flux measurement and modeling are all independent methods useful to measure
and understand trace GHGs contribution to global warming (Smith et al 21012).

C and N Soil balance could be measured in terms of stock chemge®ng time intervia

(from years to centuriespuchmeasurement requse high number of samples to satisfy

accuracy and detection limi¢see the related protocol in this documesuil Organic Matter

Carbon and Nitrogen StocksThis measurement gives superior estimatenet flux ofCO,

bet ween soil and at rfooteepchntributon to glabal daoneirgy ofdhe a |l | ¢
other soil emitted GH&(i.e. N,O andCH,).

Flux methodsmeasure outlux of all trace GHGs from soijsthe sum of fluxes in a time
interval gives, in theory, the equivalent value of stock change. These methods have their own
uncertainties and inaccuracies but are the unique way to compute the short-t@rriong
emissions balance fa¥,O andCH,. The flux methodologies allowo study in more detail
undergoing processemd the effect of pedoclimatic and ecological drivéisix methods

rely on chamber techniqudgké thosepresented in this protocol) and in micrometeorological
techniques (ie Eddy Covariag)c

Modelling is the third approach used to estimate GHG emissions at territorial level and for
climate or management scenario analysis. It requires measuredwidataappropriate
calibration and validation. These data come from stock change assessthentfmm flux

data.

In this protocol we will analyse the flux method in detail considering in particular the closed
chambers method. The closed chamber is lmged and basepen box placed on the soil

surface. The chamber method relies on the nmemsent of increasing, or decreasing,
concentration of trace gases of interest ins
series data concentrations can be done in the field with-situitoperated analyser, or with

an analyser in the lab. In tHest case a trougfiow pneumatic close circuit (NSBFS)

circulate continuously the air from the chamber headspace to the analyser and back to the
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chamber. In the second case #ismot a hrough flow (NSSNTFS), rathera limited humber
of ¢ h a nrbsempléss is @liected manually in the field and analysed later in the
laboratory.

The soil trace gas effluxetisplay high spatial and temporal heterogeneity. As an example,
the soil CO2 efflux ¢alled alsoSoil Respiration) varies in response to samperature, soil
water content and photosynthetic C input. Also soil variables, like soil texture, bulk density
or soil organic matter quantity and quality could affect Soil Respiration in both short and long
terms (Conant et al 2011Fast responses of &HGssoil effluxesare associated with soil or
ecosystem disturbance: snow melt, fire, tillage, fertilization, flooding, irrigation, haaxest
some examples of natural or human induced disturbances

In order tohandle spatial and temporal heteroggnethe best optioninvolves either a
portable system or a lortgrm multi-chamberautomatic measurement systefie portable

system is suggested to cover spatial variability amongst many ecosystems, and the automatic
one is used to follow temporafariations of fluxes. Bth are based onclosed dynamic
chambergi.e NSS_TFSjsee Savage et al 2003he NSSTFSare labour saving and are in
practice more precise thaftosedstatic chambers systems dueltaver error associated with
sample handling,and higher number of datgoints per measurement and shorter
deployment timgDT) (see Heinemeyer et @011, Rochette et al. 2008, Livingston et al
2006).

TheGHG puxes can be -20eia par chandber qneasuceknébt) usihgh
closed dynanu chambers. Reducinfpe timeduring whichthe chamber i€losed over the

soil (i.e. DT), minimizeghe unavoidable alteration of diffusion patused byhe increasing
concentration otrace gadn the closedchambed $ieadspace. Another advantage ohgsi
NSS_TFS, i.e. using 1gmitu analyzersis that many data of trace gas concentrations can be

l ogged for each meas ur eappeopriate regrelsior fanctiondtm b e
increasegrecision.

NSS_TFS are normally used only for Soil Reafan (CQ efflux) measurements, due to the
availability of low cost and reliable IRGAs.

The wncertainties are high for dynamic chambersasuringN,O and CH effluxeswhen in

situ operated analyzerdo not guarantee a sufficient precision and detection limits
(Livingston 2006, Parkin et al. 2012). For these trace gakesed static chambers
(NSS_NTFS)js still the suitable method in practice (Rochette 2011, Heinmeyer 2011, Parkin
and Venterea 201enterea et al 2009 this system, asoted abovgair samples are taken
manually from thec h a mb e r s 6 to becamalysed Eateren thaboratory. The manual
collection of air samples limits their number and influences the duration of chamheeclos
(Deployment Time DT)The choice ofDT depends mostly oanalyzer precision and in this
context Parkin et al2012 gives a useful rationale to identify the best DT, especially with
CH, and NO flux measurements.

METHODOLOGY REVIEW

Livingston and Hutchinson (1995) distinguished three different chamber techniques to
measure soil trace gas effluxes: closed static system (Non SS¢ateyNorTrough Flow
System NSS_NTFS), closed dynamic system (Non Si€satg Trough Flow System
NSS TFS) and open dgmic system (Stead$tate Trough Flow System SS_TFS). In the
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NSS types, the soil trace gas efflux is estimated measuring the initial concentration change
rate @x,/dt) inside the headspace of the chambeto@closed and bottoropenbox) when
placed orthe soil.

In the Steadd6t at e chamber s t he b ux I s cal cul at ed
concentration between the air powing, at a
outlet after the chamber headspace stay at steady state concemig®no external air

concentration. But also in this <case itods

diffusion/advection process at the sailosphere interface.

At the moment, no single method has been established as a standard (Purnpbn2004),
but the closed chamber systems are the most used.

The NonSteady State chamber based systems are all potentially biased by altered soil trace
gas diffusion gradients, which lower the rate of diffusion process from soil to closed chamber
headspace. Concern are also for pressure differentials between chamdbeutside air
induced by wind or by any advective flux perturbation (ie change in chamber temperature,
the pump circulating the sample air to analyzer, fan or other mixing device inside the
chamber not well positioned or operated too fast, wind effect)

The altered diffusion gradient problem can

t hat pux is dependent on the concentration
aryl l ed porosity) of t he s o entration (X )hvathiretheo r e, a
chamber headspace increases, the diffusion gradient decreases, the tracing of headspace
concentration reaches an asymptote andixgdt begins to decline. If one considers constant

dx/dt (ie using linear regression) over theasarement period, he megating the feetback

of gas concentration increase and diffusion in the closed chamber. This results in an
underesti mati on of t he real b ux (ie bef or e
underestimation is high (up to 40%) gmd o p or t i o n a |-deplaymentrefiux (seer u e 6
Livingston et al 2006, Venterea 2010, Parkin et al. 2012).

In order to show the process of diffusion in the 1steady state chambers, let consider an
example of operation and data collection of cotregion with a NSS_TFS; it is
representative also for NSS_NFT chamb@&te measurement time in NSS_FTS is the time
interval during which GHG concentration data (and related data on air temperature pressure
and water vapour) are measured and recorded.méasuring/recording interval starts from

10 sec before chamber closure and ends when the chamber reopens. After the lid or the
chamber seals (ie closure time) the air volume above the soit@veeed by the chamber
(sealed on hase or collamserted o the soi), there is a time interval allowing steady mixing

of the air flowing in a pneumatic closed circuit, from the chamber headspace to the analyzer
and back to the chamber. The mixing interval has to be experimentally defined and depends
on the pumglow rate, on the total volume and on site characteristics. The mixing interval
ranges from 10 to 30 seconds using a volume of 2 L and a flow rate of 800 ratichia

tubing length of 10m connecting chamber and analysete that mixingime is present dy

in Trough Flow Systems (Dynamic Chambers).

After the mixing interval, the time series (interpolation interval) of GHG headspace
concentrations is used for flux computation. To be able to compute fluxes using different
approaches, it is mandatory to lect all the following data from before chamber closure, to
the end of interpolation time. Because our aim is to estimate thédfoxe chamber closure
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time (i.e. avoiding the disturbance of chamber on diffusion proces®) initial pre
deployment condions (before chamber closuredf trace gas concentrationsmust be
assessed. Moreovaeritial temperature, water vapoand pressure are used to compute dry
ai r mol a mo &) amithe preleployment rate of changbe/dt (see computation
below).
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Fig 1. Principle of the measurement applied to the soil respiration, (€@®ux) data.
Chamber start closing 140 s before closure time (time 0=Closure A in the graph) and stays
closed for 140 s. The initial [COZ2] Cini is the aage of the 16 s closure time. The mixing
interval is 27 s (BA) and allovs establishment of a steady mixing in the closed circuit
between chamber headspace and analyzer. After mixing time interval, thé @@ shows

an increasing trend. This increadeas asmall nonevidentasymptotic trend due to the
6chamber effectdé on the diffusion p-lineacess g«
regressionis done over thenterpolation interval lastingin this case106 s. The total time
interval required to get a flux in this example sums 280 s from closure start to the chamber
reopening. Open symbols are measured CO2 concentrations; blue line are values from the
computed notinear regression: C@ dry=Ci=Cy-(Cx-Cini)*exp(-A*(t-tp)). The regressio
parameters are 6942, A=18.2010° and t=13.1. CQEf f | ux = 3?A% Lineao | Am
regression on the same data set results in &Eflux=3.18 ¢ mo ’ARil.4%). Red

closed circles are extrapolated data points of the-lear fitting into the mixing interval up

to t+to time.

There are different approaches to derive the so calledlgpi®yment fluxesF.. The
following eq.5 takes ito account the time delay required to have steady mixing conditions in
aclosedchamber (Welles et al 2005).
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) V dx
F =7 - O_ 0 e 1
e = o @l %) S dt |
F)
ro=—2 eq.2
° RQ, )
X, = X""”""'yzerwater vapr diluition correction eq.3
- X,
d(;(io = AQC, - C,,) derivativeat timet =t, from eq.4
X,(t) =C,- (C,- C,)* e " ed->
x(t) = b+ q Linear regression eq.6
where LLIg
dt

whereF. is the predeployment flux of the elemert{ mo PAR)momputed at timeequal to

to. Parametetp (units in secondss estimatedby nortlinear fitting procedureit representshe

delay during mixing time starting from chamber closurgo time steady increase of
concentration inside chambgpi s t he bul k #)j xoisdmelardractiog of ( mo | A
water vapol (@MoxdpeiAssmodrey air mod) awtimetRPR)i ty (m
andTy (K°) are atmospheric pressure and chamber headspace tempatditmet,, R is the

molar gas constant (8.31°# a A&ol'Y). V andSare total system volume finand area

(m?) of soil covered by the chamber. 8(Sis the apparent chamber heighghanber (M)). The
derivativedx.g/dt ( mo | "M ¢ey. 4), is the rate of change of the element (trace gas)water
corrected for dilution into the chamber at
after chamber closé=ty). This slope can beomputed by fitting empirical model using
measured subsequent concentration valug$) as dependent variable and time (t) as
independent variabléq. 5). Notex(t) arethe watercorrected molar fraction in dry air of

elementx computed as in eq. 3.

The fitting parameters of eq. 5 &g A andt,. Cini is the initial molar fraction computed as
the intercept of the.(t) or asconcentratiormeanat chamber closure (416 seconds around
chamber closure timel’x is the asymptote and represents the concentration at thairsoil
interface.A is the parameter which defines the curvature: positivé i#Ci,i or negative
otherwisel is the thirdnonlinearregression parameter it represents the time wkgt) is
equal to Ciy;.

Using the same data coming from dn&erpolationtime interval it is possible to compute
flux with different nonlinear approaches (like NDFE suggested by Livingston et al. 2006) or
using linear regression (eg. eqds)quadratic parabolic function

The error (measured vs true fluxgould derive from the corruption of the assumptions made

by the model used to compute the rdaly/dt. One important assumption is that no leaks,
radial leaks in particular, are occurrindirea/perimeter ratio, insertion depth, total
Volume/Area and deployment time influence in different ways the radial leaks beneath the
chamber bas¢Healy et al 1996).The aea/perimeter of a circular chamber is equal to
radius/2 and the circular chambers have an area/perimeter ratio higher than rectangular
chambers by a f ac?°In theorf, assumh@ the samepareg, rciecalar )
chambers have less radiaffdsion beneath the chamber/collar perimeter than rectangular
one. The value of area/perimeter >10 suggested by Rochette et al 2008, implies for NSS
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chambersa diameter of 40 cm for the cylindrical chamfesulting in arbasearea of 0.125
m?) anda basal area o.161n¥ for rectangular chambers.

If the deployment time is short, let say less than 5 min as is thefcasemal operationef

dynamic chambers, the radial leaks is supposed to be of less extent in comparison with longer
deployment timeypical of closed static systerf®0-60 minutes)Remediation for radial

leaks areincrease insertion depth (see Hutchinson et al. 2001 tgbted@)ce measurement

time or increas@chamber- R€EMember thadtigh values of soidir filled porosity,like the

presence of clods or ston@screaseshe risk of leaksnarkedly. In tlesecasathe risk can

be reduced bgdding some fine textured soil (2 mm sievid)he base of the collar

Errors @n alsooriginate from advective fluxes, and leakagesorfr the chambers not
explicitly considered in the model used to interpolate the time course of concentration.
Advection (ie mass flow) introduces uncertainty in data check and quality assessment. The
bestapproach is to usbest practice to reduce leakagesm chambers. In this cadbe

NSS_ FTSsystem isagain more powerfulmainly because the deployment time is reduced
and so the chamber disturbance on the diffusive gradient is less important (Healy et al 1996).
It is possible to check f@audden and unreanable changes in the flusingNSS_FTS when
employed for long term automatic flux measurement. Checking for instance the change of
fitting parameters values of tixg(t) function (ie eq. 5 ané parameter in particularpnecan

relate sharp changes smdden changes of environmental conditions (ie soil moisture, soil
temperature, wind or atmospheric pressure). An approach to evaluate the advective and
diffusive effects controlling the headspace concentrati(h) is presented by Welles et al
2001 anda modeled application (NDFE) in nateady state chamber is presented also in
Livingston et al. 2006 and Venterea 2710

Another aspect related to towsed chambemethodology is the precision of measurements
depending on the analyzer precision (ie C¥%tandard deviation of measurements/mean of

a fixed air sample concentration). The analyzers use a correction feeropkrature (cell is
usually thermo stated at high temperature) aafitpressure in order to output the mole
fraction value (mole of tse gas A ma'). Ehe mdlar fiaatidn ks a adngervative

unit to changes in pressure and temperature. Moreover InfraRed Gas Analyzers (IRGA) used
for CO, and PhoteAcoustic infrared Spectroscopy analyzers (PAS) used for all trace gas
(CO; N,O and CH ) are calibrated to correct, in different ways, for overlapping absorption
spectra (the so called babdoadening effect) of water vampoand/or other analytes. This
effect, if not accounted, adds a positive error to the real molar fraction data.

For infield measurements of & and CH with PAS, the corrections for batimoadening
spectra of C@and water vapor are very crucial. But recently (see Igbal J., et al. 2012) the
accuracy and precision (CV%) of PAS were tested vs lab GC analysisagsisntrue value

a NIST Certificate. The accuracy and precision of PAS were within the range oft®.5%
8.8% and 1.2%o0 2.5% respectively antthese valueare in the range of lab GC accuracy and
precision values (Igbal et al. 2012).

B Note: there is not an optimal computation method in terms of accuracy and precision of flux measurements.
Venterea 2010 outlined that the best accuracy is achievable with non linear methods and NDFE (Livingston et
al 2006) was the best even if it has simplifying assumptions about soil properties uniformity (see Venterea et al
2008) and horizontal leaks (Pedersen et al 2008).
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The water vapour ¢aring the chamber headspace (due to soil evaporatam)createan
underestimation of concentratiolue toits dilution effect Thisis importantwhenlow GHG

efflux and high soil evaporaticare present at the same tiriiéhen a chamber is placed on a
moist soil,the water vapar molar fraction increases due to soil evaporation, and it displaces
some of the chamber air trough vent (assuming pressure and temperature remain constant);
thus a dilution of the trace gas concentration occurs, causing tbeofatrace gas
concentration(dx/d) into the chamber to appear less than it really is. For example this
dilution effect of water vapo on the measured flux is responsible of an error
(underestimation) of the soil GCefflux ranging from 2 to 4% when the water vapo
concentration in the headspac@ofariand thesoil r an g i
respiration i s b#t wesler to bveraomd suéh uredenastimation the
molar fraction (iemolAnol™) in the dry air is a preferable concentration unit. This is obtained

by the followingcorrectionx; g~ X Ax(™in which x andx, are molar fraction for analyte

and wat er Vvioopwerair) fespedtivilyedi{x,) is the mole fractiorof dry air

(mol e of Tdofwetami r A mol

In terms of precisionlow CV% in measured flux) linear (LR) models are more powerful. So

if one isinterested in relative comparisons among treatments LR is prefafabterested in
absolute value accuracy nonlinear models are giving best results (Venterea 2009, Pedersen et
al 2008, Kutzbach et al 2007, Parkin et al. 2012).

MEASURABLE S

Flux estimationneesla number of trace gases )6aBpleds ) mi
collected from a chamber headspace over a convenient time interval. In the static chambers
(NSSNFTS), a few samples are collected in the field and measured in the lab (Gas
Chromatographic techniques GC or PhRAtmustic infrared Spectroscp@nalyzers PAS).

In ThroughFlow dynamic chambers (NSB-S) the air samples are analyzed in the field

using portable analyzers.

The flux is calculated using the gas concentration vs. time relationship in a curve fitting
procedure (linear or, preferablgontlinear function). Each flux of the GHG of interest is

typically referredase mo | GAEPRoM\OandCH,a more convenient un
' The use ofAYabwsaconveBibhGddifferent mass units (eg. g or kg of

GHG), area units (fior ha) or time units (second, hour, day or year).

During measurement time thellbwing variables must be timeferenced (date and
time; time must be always in Local Standard Time) and it is important to know and
possibly to standarge the units of all variables entering in the common database.:

o0 Plot and Chamber (both described in a separate-tallies describing plot
treatments and chamber characteristiossludinginserton depth, chamber Area
(S) and bamber Volume (V) and havirgame dimension units (ie m) .

o0 GHG mol e f r act)indry air( teeramalyz&rmgivds the mole fraction
corrected for any band broadening and for cell temperature and pressure, convert
this mole fraction in bulk air to dry air using the air watepour molar fraction as
seen in computation.

0 air temperature, air humidity and pressure of the chamber headspace at closure
time in order to comput e®)msmeguiedfordhensi ty
computation on mass basis GHG flux at-geployne nt t i me €& mol GHG/
(see computation).
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0 Soil temperature (at 2.5 afod 5 cm) and soil moisture {05 cm) representing the
area covered by the chamber should be recorded preferably in duplicate at the
time of measurement for each plot. These da&used to filling gaps between
measurements interval of GHG fluxes ie using the sensitivity response of trace
gases fluxes to soil temperature (eg)QThey are used alstr the advanced
analysis of quality assurance of flux data as suggested by ¥anH10.
Check if the temperature and soil water content data are the same outside and
inside the chamber; if not there is some unwanted effect due to collar or to
chamber installation. The assumption that the chamber deployment does not
influence thesegrameters (ie soil temperature and soil water content) is related to
a correct installation of chamber minimizing interferences with soil microclimate.
Soil temperature measuring depth is strongly influencing the estimate of
cumulative trace gases efflwased on @ (see Parkin et al. 2003). The best soil
temperature depth used to estimate the daily and seasonal cumulative fluxes
depends not only on spatial and temporal variable production of trace gases, but
also on soil characteristics (ie texture, bdknsity, soil water content) which
influence diffusion and, in some occasion, mass transport of trace gases into the
soil profile. In natural undisturbed ecosystem (like a forest floor) the trace gas
fluxes vs soil Temperature relationship are more prexssehose eceystems are
more stable on daily and seasonal basis.

0 In conjunction with NO efflux measurements, soil content of nitrate and
ammonium (610 1620 cm) are measured. It is desirable that soil nitrate and
ammonium concentrationbe determined hroughout the year at appropriate
defined time intervals depending mostly on management events (like fertilization
in agricultural soils) and on ramor irrigation events which strongly determine the
denitrification process.

FREQUENCY OF MEASUREMENTS

Trace gas fluxes exhibit a high degree of temporal variabilithe frequency of
measurements has different consequencedifterent trace gasesremporal variability
using an automated SR system nwmnaged easilyThe adequate daily frequency for
automaed chambers could be every 1 to 6 lsoHiigherfrequerty is useful in the context of
sudden changes in microclimateepisodichigh disturbancevents.The frequency question
is more of an issufor manually operatealynamic chambers or static chambers

Temperature, rainfall and photosyntheg¢esg for soil co2 respirationgre the main
environmental factors controlling trace gas emissions in natural undisturbed ecosystems,
whereas in managed agricultural system fertilization, tillage, harvest diteoadl drivers
modulating trace gas emissiofi$ius, the more frequently measurements are made, the more
accurate the integrated seasonal/yearly cumulative flux estimate will be (Parkin 2008).

Ideally, one shouldstimate the diurnal, weekly and monthly variabilfe/g. coefficient of
variation CV%)present in the ecosystem of interest and judge the effect of such variations on
the magnitude of the effluxes. For temperature and photosynthesis the expectedtyasiabili
higher on daily basis but the change on weekly or monthly basis is more smoothed. So after
having defined the best time of the day representing the averagdlailyalue, and after
having tested a temperature sensitivitygf@nodel for each tracegas, one can use such
relationships to estimate daily average flux values and then computiitheumulative

Page
63




GREENHOUSE GAS EMISSIONS FROM SOILS ExpeERProtocol Handbook

flux for long time intervals Rainfall, thawing, litterfall and management activities, on the
other hand, are events that influence in thetdirae the efflux of all trace gases so take care

to monitor such flux peaks (positive or negative) expected the days following such events.
The error of cumulative fluxes is higher whamsolutehigh peaks are ignored.

In forest ecosystems Savage et @008 estimated that the manual sampling of soil
respiration with portable NSSTFS, at weekly or biweekly intervals (betwee 9:00 and
15:00 h) and in nomaining days, hathe probability of 90% of cases to yield avahaving
+/- 10% of error compared to continuous automated system.

On N-fertilized croplangdParkin(2008 reported thabnce every3 dayfrequency is necessary

to achievet/- 10% uncertaintyof the true seasonal cumulativeNefflux in more than 80%

of the cases Sampling every @8 days the probabiliy of obtaining estimates ofrue
cumulative NO losses with a precision of £10% were 70% for the betvoegi chambés
locationsandonly 20% for the ovebands fertilized locationghis is explained ypthe higher
variability and higher amplitude di:O e mi s si on & s pveraandsN farlilizeé s o f
locations

Recommerdations In natural ecosystems the manual system (N3$BS static chamber) can

be used with a frequency of Haysto monitor CQ efflux, and for NO efflux, may be,

lower frequency is also adequate. In any case, care must be reservedettakea
preliminary intensive test to evaluate the best time of the day for manual sampling, as this
impactsboththe organization and the salaize (number of measured points)disturbed
systemslike in arable cropgtheidealfrequency isnuchhigher, especially after everiigely

to influence trace gammissionsin this cas an automatic systeshould be considered, given

the precisionattainable and research costs.

SITE SELECTION

The location of sampling points is be decided on the basis of research objectives. Consider
that soil is highly variableand so a randomized block (>=3 blocks) with at least three
replicates (automatichambers or collars for manual chambers) per plot for each treatment
could be a good experimental design in many factorial experiments. When the interest is on
measuring a site, a stratified or grid sampling scheme is adequate. The use of GPS is
encouragedn order to relocate the measurement points. Metal plates give a more precise
localization of the points inside a large undisturbed site atlaying themvisited at very

long times intervals (eg once per year).

Site selection problendepends on thehoiceof measuing the ptal soil respiration oonly

the heterotrophic soil respiration. In the lattase technique areavailable in order to avoid
autotrophic fluxes like those coming frorhizosphere and root respirationhd technique
oftenused b measure it s rodt exclugio® ; it is performed by a
into the soil surrounding the collar. In this way you are sure that no growing roots are beneath
the measurement point. The external cylinder insertion has to be donemenigefore the
measurement in order to minimize the effect of the cylinder insefion more details on
definition and methods to measure heterotrophic and autotrophiatespsee Kuzyakov et

al 2005 Kuzyakov 2006, Subke et al. 2006 and Chapai 2006
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METHODOLOGY

As outlined in the methodology review the soil efflux of trace gases is made with closed
chambers systems, dynanac static.Both types of systems can be used for measure GHG
soil effluxes, but in practice the dynamic systems ased to estimate soil respiration (i.e
CO; soil efflux) and static systems to compute $&0 or CH, net efflux.

Dynamic Chambers (NSSTFS)
In dynamic chambers the basic equipment is: a chamber (imtltase of unattended
automatic systemgr without a motor to accommodate the chamber over the colldrase
inserted into the soil at a convenient insertion depth; a vent to maintain equilibrium with
external pressure variation, an analyzer suitable to operate in field conditions, a pump to
circulatein a close pneumatic circuit the air from the chamber to the analyzer and a control
unit (a datalogger) to operate all devices (chamber closure motor, patwpsand analysér

The control unitrecords analyzeb s« nd envi ronment ating and,rfas or s 0
automatic chambers system, between chamber 6s

For automatic unattended systems, it is strongly suggested to add a communication device
(like a GSM modem) and software ablemonitor the in-field system from theffice desk.

This allows a frequent downloading of the huge amount of data logged by the control unit
and remotely check or control the system operating in the Baltleries, Photovoltaic solar
panels, or any other Direct Current supply is required to power thensy$PV and 0.2A

are normally required with one IRGBO, systen).

The dynamic chamber system requires some expertise in choosing all the system parts listed
above though here are commercially available solutions for portable and/or automatic
unattendd multiple chambers systems. éde are generallgquipped with portable IRGA

systems for C@Q measurements (eg. try a Web Searcts o i | respiration sy
manufacturers of other kind of trace gas analyzers will give suggestions for applications

trace gasin-field monitoring systemsThese systems are basically similar iow they
functionand are supported by instructions for installation and maintenance and by dedicated
software for dat@ollection and managemefmote,the software for fluxcomputations can be
different). The aitomatic chambeéscost is more than that ofogable systemsso there is

oftena tradeoff between cost andenefit that depends on the preaisgearch objectives.

NSSTFS Chamber Design and construction.

As an eample we present some details of a dynamic chamber sySISTFS) madeby
University of Udine(seeDelle Vedove Get al. 2007 for more details) and usedautomatic
multi-chamber soil respiratiomeasurements twelve chambers
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Pressure
vent

Lid

Air outlet

Neoprene
surface

Chamber

- From the
fmeasuring
o system

Schematic othambets parts with collar inserted into the soll .

Each chamber consists of a steel collar320cm of diameter and-82 cm height) and a DC

motor (IP 56)for opening ancclosing the steel lid The closing must be slom order to
minimise pressure peurbationsat closurejn this exampleahe lid takesl40s to completely

close. The chamber is placed on a steel collar inserted into the soib (@n? and the lid,

when open, is in vertical position on North side of the collar to avoid shadowing. Tl sea

the chamber is ensured by a neoprene closed cells sheet on the inner surface whibhk lid

is stickinga rubber ringplaced onthe top perimeter of the chamb&hen the chamber is
closed. The bottom chambed perimeteris inserted into the collaand another rubber ring
prevents leaks from the collar/chamber perimeter junciibe air is sampled from tleentre

of the lid and is returned byhagh densityPE circular tube placethside the chamber above

the soil. Thigipeis perforated with holelsaving a diameter of 0fB8m and spaced 1 cm each
other. The horizontal air flo\{0.6-0.8 L/minute)generated by the pump and exiting from the
perforatecdcircularpipe, creates a gentle mixing of the air inside the chamber. The pneumatic
circuit between thehamber and the measuring system is made of high density PE tubing (up
to 1015 m long, 4/6 mm inner/outer diameter). To avoid any pressure change induced by
advection phenomena inside the chamber or any wind induced pressure difference between
inside andoutside the chamber, a pressure vent is placed aside the chamber. The vent is
connected to the chamber with the same PE tubing lor2) X&n.The ventis made of two

plates according the indication of Xu et al. 2006 and Hutchinson and Livingston, 2@01. Th
adopted vent design allows static pressure changes inside the chamber to follow whatever
static pressure changes occur in the surrounding air outside the chamber both in calm and
windy conditions while remaining insensitive to wind direction.

The pneumtc circuit requiressolenoid valves which are operated by a Control Unithis

case aCR1000 data logger Campbell Sci.) to circulate the air sample from the Analyzer to
the chamber. One chamber and corresponding 2 valves (inflow and outflow ) atedpera
sequence by the CU.
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Scheme of pneumatic circuit of a multiplexed soil respiration dynamic chamber system. P=
Pump NV one way regulated valve, and manifold mounted 120r24VDC operated.valves.

The analyzer is a SBA&rom PRSystemsUSA), non dispersive IRGACO, (0-2000 ppm

range and ¥% accuracy and precision). It is equipped with water, temperature asdrpres
sensors to make a correct dry air molar fraction measurement. The calibration is made once a
year for the span, and befor every chamber measur ement t he
feature using a C£sodalime column scrubber. The IRGA is connected with a serial port to

the CU and thelataoutput interval is every 1.6 sec. This analyzer is adapt to operate in field
conditionswith minor maintenance needs and low power requirements (0.6 A at 12V).

Dynamic chambers used forfield CO; efflux can also be used to measure flux data @ N

and CH. Samples of air can be collected from the chamber closed lid or from the pneumatic
circuit leavingthe pump switched on. Three or more air samples can be collected in vials
using needle (22AWG) and syringe of-20ml. The needle is inserted in a butyl lvab
stoppers or red rubber stoppers inserted in onlifgting in the case of sampling from
tubing. The glass vials (13B0 ml) used to store air samples have the same crimped stoppers.
For vials and sampling operations follow protocol recommendationd$&NFT systems.

Care is requiredthe first air sample has to be takengasckly as possible (less than 20s)

after chamber closure. Gknd NO require a longer deployment time than for C@ue to

their lower flux rate. This could be in the rangé 20to 30 min. As noted above, this time
influences the accuracy of the measurement, and the accuracy is related in a complex way to
chamber height, deployment time, soil properties (eg sofffilleid water porosity),
calculation method, the flux magnitudself and to the analyzer detection limits (Venterea
2010, Parkin et al. 2012). After taking care of these facts related t€@pfluxes (e.qg.
increasing insertion depth and chamber hejghtYlynamic system can be used as a static
system. When the saimg is done on tubing T fitting one has a more small advantage: the
first sampling measurement (at chamber automatic closure) is not disturbed by the breathed
air or the presence of the operator close to the chamber.
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Static Chambers (NSSNTFS)

Static chanbers, used to measure trace gases N20 and CH4 soil effaneesormally

custom made and manually operated. This chamber is preferred when the planned
measurement frequency is occasional and or when multisite comparison is of major interest.

| t d oequireneledtrical power also because the time referred trace gas analysis is done in

the lab on irfield collected air samples. Due to the time required to obtain a suitable range of

gas concentration (compatible with@land CHa nal y z er s 6 s)dhe teploymeno n | i r
time is normally in the range of 20 to 60 minutes. This time allows a collectiorb dinde

referred gas samples from the chamber fegate.

Here we give m example of static chamber design and methodology. The chamber was
designed bythe University of Torinoi Italy, and is used in cropland ecosystem (mainly
maize).

The chamber has a rectangular base and dimensions of 78.6 cm by 39.3 cm by 20 cm high.
The lid surface is protected with cork foil to prevent heating of the headspaepitered

with adhesivealuminiumfoil to reflect the light, with a sampling port. It is placed in a water
channel welded onto a collar that is inserted 10 cm into the soil. One chamber can be moved
on different collars placed on different sites or wmeaits. Collars can be placed
perpendicular to the crop row (e.g. in maize crop having row width of 75 cm) sbatiat

crop row and interow areas are contained within each chamber. Anchors are installed each
year 1 to 3 d before beginning measurements are removed only for tillage, sowing and
harvest operations and immediately replaced after each operation. Two collars are installed
within each replicate of each treatment plot. Inside the collar no plants are present. The
sampling protocol is organidan order to sample 3 times during the measurement time: the
first as soon as the chamber is closed (time 0), the second after 15 minutes (time 1), and the
last after 30 minutes (time 2). The time elapsing between the 0 and 1 sampling time and
between thel and 2 sampling time has to be the same as required by the (Hutchinson and
Mosier, 1981) model used to estimate the gas fluxes from the soil. Care must be used to
respect the time schedule during the sampling section: if something happens it is
recommendd to record the sampling time and then check after flux interpretation:Thirty
millilitres air samples are injected into-h2l. evacuated vials that were sealed with Teflon /
silicon septa (Exetainer vial from Labco Limited, High Wycombe, UK) and transbtartidne
laboratory for analysis by gas chromatography.

The gas chromatograph (Agilent 7890A) is equipped with an electron capture detector (ECD)
for NoO determination, with a thermal conductivity detector (TCD) for, @&ermination,
and with a flame iozation detector (FID) for ClHdetermination.

Chamber deployment

It is best to woid any soil disturbancand compactioraroundthe position chosen for
measurements, e.g. lmalking on wooden boards placed apart from the chamber.

The collar should be insertednto the soil for 35 cm some hours before starting the
measurement. Be sutdat no leaks are possible around the perimeter of the collar. In
stony/gravelled soils or with clods, it is suggested to increase the insertion depth and/or
distribute the same soil sieved at 2 mm, around the exterior perimeter of the collar wall, in
order to reduce unwanted lateral leaks beneath the collar.
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Sealing the chamber/collar junction is required using rubbein@® or analogous inert
material. In thecase of deplayng the chamber over the collar only for survey measurements
(ie portable systemp neoprene closed cells sheet is adequate and clamps can be used to fix
the chamber to the collar. In unattended systems pay attention that the lid, wheis apen
vertical position on North side of the collar to avoid shggoil inside the collar.

When using manual chambedeploy the chamber over the collar very gemtlyorder to
avoid disturling the CO; air concentrationwvith breath. Start collectindata (soil temperature
and water content, air temperature, water vapour and pregsstebefore chamber is
deployed over the collar.

Set up of collar andynamicchamber Chamber 6s vent connected to

Check thathec h a mbventisoicekanand connect it ordd. Indase ofc hambe
dynamic chambers, check tubing integrity and restrictions.

DATA CAPTURE

In dynamic chamber systemsquipped with arin-situ analyzer all measurement data of
trace gases are automatically recorded time referreth digital format bythedatalogger.

If using static chamberghe laboratory valuesmust be recorded in aampling time-
referenced recorcsimilar to the record coming from-gitu measurement. This allows any
successivecontrol manipulation and uploadingf original data in the data basénsure,
again, thatmeasurement data (molar fraction$ the trace gases tinseries)and all
environmental parameters are time referraxdd unique for each flux measuremeatamber,
plot and site in hierarchical order (séelow, and also metadata and land use and
management protocglsThis implesthat in case of using vials (as required by N§S-S),

onehas o assign to each vi al t hlecal Standard Tineec or d 6
should be usedjot Daylight Saving Timethe best time unit for each data point is seconds
from a reference dat e: e . 2013Dec08 22MB2¢orim® s o f t

41611.92594; this is the number of days from 1900 Jan 01, and the decimal part represent the
80001 seconds of 86400 seconds of the day.
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Thequal ity check of o rcongputati@nlare doaetlzawelttrairedsitea h e f |
manager on hidesk.All the computed data fluxe&. will be stored in a database assigning a
quality check flagQCH to each flux data. We suggest to use the following QCFs
1 Oif flux data is fitted using NonLinear regression,
1 1 if Linear regression is satisfactory (R2 >0.99 it is a rough estimate of goodness of
fit), this QCF normally applies to very sm&@HGf | ux es (i e,<Aims5 ¢ mo |
)

1 2 otherwise

After data flux are classified for qualjtthey can be sent to tttemmon database assigning
an ID recad (see metadata protocol).

METADATA

To compute the GHG fluxes and to relate them to environmental and ecosystem conditions
all the following data and metadathould be recordedp be associated to eadlux
measurement:
1 Ecosystemdatar el at ed to the site whyCHsor NsChsaimber 0 s
effluxes) are made:
o soil physical (texture, bulk density and soil classification for each horizon) and
chemical paramete(soil organic C and N, pH, CEC)
o weather climatic data (air temperature and humidity, wind velocity and direction,
solar radiation and rainfall/irrigation); these data should be collected year round at
a frequency of at least once per day; if possible at half hour intervals. NOTE time,
from here thereafter, is always be set
daylight saving time)
o Land use (ecosystem) classification; and land use history (forest age, or plant/tree
density
o Above and bel ow Bi omass, ?)adtypestandngant i t
biomass accumulation and litter fall data are required by some methods to
compute, subtractingeterotrophic soil C@ efflux, Net Biome Production (or C
stock change) of large temporal and spatial scales (see Chapin et al 2012, for more
details)
o Date of main phonological stages and Leaf Area Index are important proxy of
below ground processes (eg autotrophic and total soil respiration)
o date, time, type and quantity of different management activities or disturbances
(eg soil tillages,fet i | i zati on, sawing, harvest, f
1 Chamber design and deployment data
o0 Type of chamber measurement: NSS_NFNSS_TFS;
o The analyzer used and its analytical precision for each analyte
o Pump flow(In the case oNSS_TFSonly); normallyitis 0.511 A f)j n
o0 Include a figure/drawing of the chamber and system components in which the
following information could be found:
A Chamber shape (circular or rectangular) and dimernsions
Lid closure type: motorized or manyual
Chamber material and radiation indida;
Presence and type of the pressure vent;
Methods of preventingebks (eg. Lid closure tightness could be ensured
with inert material like closedells neoprene foil; sealing base and
chamber with neoprene or rubher)

>
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A Air Mixing

o Total volume of the ystem (cni): volume of the chamber above the saild
volume of tubing and analyzer );

o Area covered by the chamber (©Om

o Perimeter of the chamber (cm); area/perimeter is a proxy of possible horizontal
leaks beneath the chamber. Negligible radial leaksurom a short deployment
time, ie less than 1 min, but increase rapidly during 30 min deployment (Healy et
al 1996).

o Total volume / chamber area ratio (cm) (computed from above);

o Type of measurement (for Soil Respiration only): Total soil respiration or
Heterotrophic soil respiratiornn the latter indicate the technique used to measure
it (eg root exclusion). For more details on definition and methods to measure
heterotrophic and autotrophic respiration see Kuzyakov et al 2005 , Kuzyakov
2006, Subke etla2006 and Chapin et al 2006)

o0 Base or collar Installation time (date and time of the day expressed as Local
Standard Time nasdaylight saving timéST);

o Insertion depth (cm) of the collar, and above ground height of the collar, those
data are eithensed for quality test of flux data, either to compute the volume to
be added to the total volume to the system (see above).

o Distance of the center of the chamber from the tree trunks or from the row crop;
georeferencedposition are preferred to reach quickly the same position in
successive measurements. This data are impaxtanto find-out relationships
between solil effluxes and plant derived effluxes or processes (eg root respiration,
water evapa transpiration, ntrient uptake).

QUALITY ASSURANCE

The soil trace gases effluxes have normally an high variance (CV from 20% to 100%) due
either to soil local conditions either to errors in the measurements. The first could be reduced
with an adequate number of obserwas, and theseconderrors could be avoided following

the right chamber desiganddeployment andby frequentquality checks of data outputdn

this way itshauld be possible to attain CV in the acceptable range -@026.

Training is necessary befostarting measurements. Training is targeted to PhD students or
high-professional technicians and lasts 3 days, half dedicated to field and lab instruction, and
half to data entry and calculations.

Data and equipment tiecks
Daily checks of the measurement deadee valuable to check foautomatic system
malfunctioning.

For automatic standlone systems, it is recommended to download data on the office
desktop. In this case a GSiModem is very helpful to download and checkaddaily. With

the modem communicatioone can also manage from the office the remote unattended
system. The remote connection may require specific hardware and software provided or
suggested by the Control Unit (data logger) manufacturer.

If computed flx data are out of acceptable range (considering also the average of recent flux
data), first check the original data points of each measurement to see if the data show a
reasonable trend (a convex one) or the difference between initial and final cormesisat
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too high or too low (below detectable limits of the system, ie trend is too Tlagre is
commonly some | eak in the pneumatic iothe cuit
chamber/collassoil joint; or theremay besome sudden change emvironmental conditions

(eg windy conditions, an heavy rain, a rodent perforating the tubing, dew formation in the
tubing, insufficient chamber radiation shielding, a micrometeorological condition of strong
air stability ie at sunrise and sunset, etd)e Tanalysis of environmental conditions gives
often the reason of sudden changes in flux data during the day. Also changes in soil porosity
and in the uniformity of soil profile is influencing fluxes and their accuracy (Venterea et al.
2008) and address#® best deployment and computation choices.

The chambers need regular checks: some ins@dsirfia nubilalis European corn borer
larvae) can perforate the PE tubing left above the soil. Also undertake checks of the
pneumatic circuit integrity i.e. paattention to the pump leakeage or floknalyzersalso
requremai nt enance checks and or calibration;

Specific quality checks for NSSNTFS
Specific solutions to be realized for quality assurance for static @rarale the following:

1 Avoid excessive temperature rise in the measurement chamber by using shading or
reflecting cover.

1 Use only vials for specific gas measurements to limit diffusion across septa. Butyl
rubber sets are generally accepted, but new dosdpea Teflon silicon are being
tested. Conservation must be limited to 6 hours using butyl rubber septa.

1 Vials are evacuated before use, then injected with sample gas to reach at least 2 atm
pressure (e.g. 30 ml sample in a 12 ml vial), to avoid massdimwamination from
the atmosphere. The extra volume makes it possible to repeat GC analysis, if needed.

1 GC analysis should be accomplished as near as possible to sampling moment. If GC is
present, at the same day of sampling. If you need to send youfori&«€ analysis,
keep them at low temperature1d ° C).

1 The GC standard calibration curve is not used; a specific calibration curve is used
instead at each measurement session. To this purpose, it is necessary to include a
proper number of gas standafdsknown concentration) within every set of samples.

If users intend to buy a new GC, it is advisable to contact research group leaded by Carlo
Grignani, since instrument need a proper customization. Otherwise users must send their
samples to the lab oésearch group leaded by Carlo Grignani.

REFERENCES

Chapin F.S., Woodwell G.M., Randerson J.T., Rastetter E.B., Lovett G.M., Baldocchi D.D.,
Clark D.A., Harmon M.E., Schimel D.S., Valentini R., Wirth C., Aber J.D., Cole J.J.,
GouldenM.L., Harden J.W., Heimann M., Howarth R.W., Matson P.A., McGuire A.D.,
Melillo J.M., Mooney H.A., Neff J.C., Houghton R.A., Pace M.L., Ryan M.G., Running
S.W., Sala O.E., Schlesinger W.H., Schulze E.D. 2006. Reconciling eayblenconcepts,
terminology and methods€scosystems, 9, 1041050.

Conant R.T. et al. 2011. Temperature and soil organic matter decompositidnwabéisesis
of current knowledge and a way forward. Global Change Biology 17,13392.doy::
10.1111/1.13652486.2011.02496.x

Page
72

f

(



GREENHOUSE GAS EMISSIONS FROM SOILS ExpeERProtocol Handbook

Davidson E.A, Savage K, Verchot L.V, Rosa Navarro. 2002. Minimizing artifacts and biases
in chambetbased measurements of soil respiration, Agricultural and Forest Meteorology,
113, 2137.

Delle Vedove G., Alberti G,, Zuliani M., Peressotti A., Inglima I.,rideG.. 2007.
Automated Monitoring of Soil Respiration: an Improved Automatic Chamber System .
Italian J. of Agronomy, 4, 37382.

Healy, R.W., R.G. Striegl, T.F. Russell, G.L. Hutchinson, and G.P. Livingston. 1996.
Numerical evaluation oktaticchamber measurements of safinosphere gas exchange:
Identification of physical processes. Soil Science Society of America Journal 63t740

Heinemeyer A., McNamara N.P. 2011.Comparing the closed static versus the closed dynamic
chamber flux métodology: Implications for soil respiration studies. Plant and Soil, 346 |,
145151.

Hutchinson, G.L., Livingston, G.P. 2001. Vents and seals irsteedystate chambers used
for measuring gas exchange between soil and the atmosphere. European JoSoikl of
Science, 52 , 67682.

Igbal J., Castellano M.J., Parkin T.B.. 2012. Evaluation of photoacoustic infrared
spectroscopy for simultaneous measurement of N20 and CO2 gas concentrations and fluxes
at the soil surface. Global Change Biology. DOI: 10.1444/12021.

Jarecki M.K., Parkin T.B., Chan A.S.K., Hatfield J.L., Jones R. 2008.Comparison of
DAYCENT-simulated and measured nitrous oxide emissions from a corn field. Journal of
Environmental Quality, 37, 1685690.

KutzbachL.,  Schneided., Sachg., GiebelsM., NykanenH.,  ShurpaliN. J.,
MartikainenP.J., AlmJ., and WilmkingM.. 2007. CQ flux determination by closed
chamber methods can be seriously biased by inappropriate application of linear regression.
Biogeosciences, 4, 10a825,d0i:10.5194/begd-10052007.

Kuzyakov Y., Larionova A.A. 2005. Root and rhizomicrobial respiration: A review of
approaches to estimate respiration by autotrophic and heterotrophic organisms in soil. Journal
of Plant Nutrition and Soil Science, 168, 5830

Kuzyakov Y. 2006. Sources of CO2 efflux from soil and review of partitioning methods. Soill
Biology and Biochemistry, 38, 42448.

Livingston G.P., Hutchinson G.L. 1995. Enclosbesed measurement of trace gas
exchange: applications and sources robre In: Matson P.A., Harriss R.C. (eds.): Biogenic
Trace Gases: Measuring Emissions from Soil and Water5014Blackwell Science,
Cambridge.

Livingston G.P., Hutchinson G.L., Spartalian K. 2006 . Trace Gas Emission in Chambers: A
Non-SteadyState Difusion Model. Soil Sci. Soc. Am. J. 70:143969.

Page
73




GREENHOUSE GAS EMISSIONS FROM SOILS ExpeERProtocol Handbook

Parkin T.B., Kaspar T.C. 2003.Temperature Controls on Diurnal Carbon Dioxide Flux:
Implications for Estimating Soil Carbon Loss. Soil Science Society of America Journal,
67,17631772.

Parkin T.B. 2008 Effect of sampling frequency on estimates of cumulative nitrous oxide
emissions. Journal of Environmental Quality, 37,1233905.

Parkin, T.B. and Venterea, R.T. 2010. Sampling Protocols. Chapter 3. CHaasleelr
Trace Gas Flux Measurements. In SangplProtocols. R.F. Follett, editor. p-13to 339.
Available at:www.ars.usda.gdvesearch/GRACEnet

Parkin T.B., Venterea R.T., Hargreaves S.K.. 2012. Calculating the detection limits of
chambeitbased soil greenhouse gas flux measurements. Journal of Environmental Quality,
41, 705715.DOY: 10.2134/jeq2011.0394.

Pedersen et al 2010 ¢omprehensive approach to saitnosphere traegaspux estimation
with  static chambers. Europ. J. Soil Sc. 61 (6) , pp. 8882

Predotova M., Kretschmann R., Gebauer J., and Buerke?DALl. Effects of cuvette surface
material on ammonia nitrous oxde-, carbon dioxide and methaneoncentration
measurements. J. Plant Nutr. Soil Sci., 174) 349.

Pumpanen, J., et al. 2004. Comparison of different chamber techniques for measuring soil
CO2 efflux Agricultural and Forest Meteorology, 12343 pp.159-176.

Rochette P , ErikseHamel N.S.2008. Chamber Measurements of Soil Nitrous Oxide Flux:
Are Absolute Values Reliable? Soil Sci. Soc. Am. J. ,72-:3831

Rochette P. 2011. Towards a standard steadystate chamber methodology for measuring
soil N20 emissions. Animal Feed Science and Technologyl1686141146.

Savage K.E., Davidson E.A. 2008.comparison of manual and automated systems for soil
CO2 flux measurements: tradffs between spatial and temporal resolution. Journal of
Expermental Botany, 54, 89899.

Smith P., Davies C.A., Ogle S., Zanchi G., Bellarby J., Bird N., Boddey R.M., McNamara
N.P., Powlson D., Cowie A., van Noordwijk M., Davis S.C., Richter D.D.B., Kryzanowski

L., van Wijk M.T., Stuart J., Kirton A., Eggar D., Nem-Cross G., Adhya T.K., Braimoh

A.K.. 2012. Towards an integrated global framework to assess the impacts of land use and
management change on soil carbon: Current capability and future vision. Global Change
Biology, 18, 20892101.

Subke J.A., Inglima J.Cotrufo M.F.. 2006. Trends and methodological impacts in soil CO 2
efflux partitioning: A metaanalytical review. Global Change Biology, 12,9243.

Venterea R.T., Baker J.M.. 2008. Effects of soil physical nonuniformity on ch&rabked
gas flux estimges. Soil Science Society of America Journal, 72, 1¥417.

Page
74



file:///C:/Users/fbslf/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.Outlook/CEP6T637/www.ars.usda.gov/research/GRACEnet

GREENHOUSE GAS EMISSIONS FROM SOILS ExpeERProtocol Handbook

Venterea, R.T., Spokas, K.A., Baker, J.M., 2009. Accuracy and Precision Analysis of
ChamberBased Nitrous Oxide Gas Flux Estimates. Soil Science Society of America Journal,
73, 10871093.

Ventaea R.T. 2010: Simplified Method for Quantifying Theoretical Underestimation of
ChambeiBased Trace Gas Fluxes. J. Environ. Qual. 39:126.

Xu L., et al.. 2006. On maintaining pressure equilioribetween a soil CO2 flux chémer
and the ambient air. Journal of Geophysical Research, 111, D08S10,

Welles J.M., DemetriadeShah T.H., McDermitt D.K.. 2001. Considerations for measuring
ground CO2 effluxes with chambers. Chemical Geology, 1-48.3

Welles J.M., McDermitt D.K., 206. Measuring Carbon Dioxide in the Atmosphere. In
Micrometeorology in Agricultural Systems. Agronomy Monograph n. 47,38

Page
75




