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Summary

In the last few decades the worldwide population growth and consequently the
increasing demand for resources have put enormous pressure on the
environment. To such an extent that in technically advanced countries some
services of nature are replaced or expanded by anthropogenic inventions. For
many services the spatial dimension of supply and demand go beyond a single
region, thereby creating increased globalized environmental impacts. In other
parts of the world, especially rural areas of developing countries, the flow of
ecosystem goods and services remains local, thus also increasing local
environmental impacts. This is especially the case in arid high mountainous
areas, where isolation, scarce resources, and harsh climatic conditions
additionally make people’s livelihood more challenging. Here, the demand for
energy, mainly for heating and cooking, is significantly high. However, the local
heterogeneity of energy usage, flow and management remains largely unknown
(chapter 3).

Against the global and regional backgrounds, this thesis aims at
understanding the local energy consumption patterns. Additionally, it focuses
on households’ firewood consumption and evaluating the factors influencing it.
Furthermore, forest firewood supply, demand and governance at the local and
national scales were analyzed in the context of developing countries as well as
countries in transition. Tajikistan was selected as a research area, due to its
unique, but at the same time “representative” history of energy use. The
local population currently needs to cope with the energy situation, and so
understanding the heterogeneity of energy use in the arid high mountainous
areas of the country is of special interest (chapter 5). Here, many factors
(biophysical, socio-economic, governance) can potentially influence the amount
of energy used. This was analyzed in the first research paper of this thesis,
where data was collected through household interviews. The paper concluded
that animal dung and firewood count as the main sources of energy in the rural
mountainous areas of Tajikistan. The amount of consumed firewood was
positively influenced by elevation, size of a household’s private garden and
total hours of heating, while education level and access to a reliable supply of
electricity influenced firewood consumption negatively. The results of the paper
also showed that the main sources of firewood are private gardens, forests,
gorges, along the roads and agricultural fields (chapter 6.1). While
quantification of firewood sources outside of forests remains a challenge for a
number of reasons, in the second paper forest firewood supply and demand
was analyzed. The results suggest that in most case study areas the budget
between forest firewood supply and demand remain positive, but are subject to



uncertainties and must be interpreted with caution (chapter 6.2 and 9). Closely
related to the second paper, in the third, forest biomass was estimated for the
research area with high-resolution RapidEye satellite data. This paper showed
that in the semi-arid to arid regions red edge and texture attributes improve the
model results for woody biomass estimation (chapter 6.3 and 10). The
opportunities to integrate the results of this study in spatial analysis with forest
tirewood demand are highlighted in the research outlook (chapter 13).

Management of not only firewood, but overall forest governance is an
important aspect of sustainable use of these resources. The fourth paper
captured a broader context of current pathways of forest governance in
Tajikistan and the enhancement of forest ecosystem services (ES). In-depth
interviews were conducted with experts at national level. The results indicated
that establishment of new institutional networks leads the sector towards good
forest governance. However, challenges in creating sound legal frameworks,
decision-making transparency and implementation enforcement remain to be
overcome (chapter 6.4 and 11).

Though several uncertainties and limitations are attached to this thesis
(chapter 12 and 13), it nevertheless contributes new empirical insights to
advance understanding of: i) the energy situation, ii) the role of ES to meet the
energy demand, iii) the situation of supply and demand and iv) governance of
ES. The results are not only of significance for the high mountainous areas of
Tajikistan, but also regions with similar history, socio-economic and climatic
conditions, such as former Soviet countries. Further research priorities should
be set to further qualitative and quantitative empirical and ecological data
collection in order to improve understanding of the changes in the availability
and usage of ES in people’s livelihood. The changes are likely to become
extremer, given a broader context of climate change in vulnerable mountainous
areas of Central Asia. In this context, many issues remain critical for research
and can help lead to decreasing the pressure on the scarce natural resources of
the region (chapter 13). These include the impact of climate change on land use;
the provision of multiple ES; adaptation strategies for occurrences of deficient
ES; spatial and temporal ES flows and their synergies and trade-offs; alternative
strategies for increasing ES supply and decreasing demand.



BBegeHnue

Poct naceaenmns1, HabAI0AaeMBblii B IIOCAeAHIE HECKOABKO AeCATUACTUII BO BCEM
MUpe 1, BRI3BAaHHOE UM yBeAMdeHMe CIIpOoca Ha peCypChl OKa3bIBalOT OTPOMHOE
AaBJAe€HMe Ha OKpYXalolylo cpedy. B Texumueckm passuTbIX CcTpaHax
HEKOTOphle IIPUPOAHBbIC YCAYTM OBLAM 3aMeHEeHbl MAU yCOBepPIIeHCTBOBAHbI C
IIOMOIIIBIO M300peTeHMII Jea0BeKa, KOTJa APyTue yCAYIUM BBIXOAAT 3a PaMKU
OJHOTO permoHa, Co3jaBasl MHTEHCUBHOe ra00aAM30BaHHOE BO3JeNICTBUe Ha
OKpYy>Kalollyio cpedy. B Apyrux yactsax mmpa, 0coO€HHO B CeAbCKUX paifoHaX
Pa3BUBAIOIIMXCSA CTPaH, IIOTOK HKOCHCTEMHBIX YCAYT OCTaeTCsl AOKaAbHBIM,
TaK/M O0Opa3oM yBeAnduBasi BO3AeICTBIe Ha OKPY>KaIOIIyIO cpely Ha MeCTHOM
yposHe. OcoOeHHO ®TO KacaeTcsl 3aCyIIAMBBIX BHICOKOTOPHBIX PallOHOB M3-3a MX
U30AMPOBAaHHOCTY U JAeUIIUTa PecypcoB, TIAe CypOBble KAMMaTUYecKue
YCAOBUSL YCAOXKHSIOT XU3Hb HaceAeHUs. 34eCh CIPOC Ha DHEPIUIO, IAaBHBIM
00pa3oM 445 OTOILA€HMS U IIPUTOTOBACHNS IINIIY, OYeHb BEICOK. TeM He meHee,
HEOAHOPO/HBIV XapaKTep MCI0Ab30BaHIs DHEPIUY, ee IIOTOK U yIIpaBAeHle Ha
MECTHOM YPOBHE OCTalOTCs B 3HAaYMUTeAbHON CTelleH HeM3y4eHHbIMU (TaaBa 3).

Ha rao6aabpHoM 1 pernonaabHOM (poHe JaHHas AVccepTaliyis HallpaBAeHa
Ha IIOHMMaHIe MeCTHBIX Mojeaell morpeOaenus sHeprumu. Kpome Toro, ona
HalledeHa Ha WU3ydeHue IoTpeOAeHus ApPOB AOMOXO3SICTBAMM M OLIEHKY
daxTopos, Bamsionmux Ha Hero. IlpeaaoskeHme u CIpoc Ha ApoBa, a TakXke
yIIpaBAeHIe Ha MeCTHOM M HallMIOHaAbHOM YPOBHSIX OBLAU ITPOaHAaAM3MPOBAHEI
B KOHTEKCTe Pa3BUBAIOIIMXCs CTPAaH M CTPaH C IIePeX0AHON YKOHOMMKOIA .
B kauectse msyyaemoro permona Obla BeiOpaH Taz>XMKMCTaH B CBS3U C €TI0
YHUKaABHOM, HO B TO K€ BpeMmsl «pelpe3eHTaTUBHOW»  VICTOPUEN
UCIIOABb30BaHMs SHepruu. MecTHOe HaceAeHMe B HaCTOSAIee BpeMsI UCIILITEIBaeT
TPYAHOCTH, CBA3aHHBIE C YHEPTeTUYeCKON CUTyalyell, ¥ IIO9TOMY IIOHMMaHMe
HEOAHOPOAHOCTY MCIIOAB30BaHMs DHEPIUM B 3aCyILAUBBIX BBICOKOTOPHBIX
palioHax CTpaHbI IIpeAcTaBAseT OCOOBIN MHTepec (raasa 5). B aaHHOV cTpaHe
CyIIeCTByeT MHOTO (PaKTopoB (01opMU3MIecKnx, COIMaabHO-DKOHOMUYECKHX,
yIIpaBA€HYeCKIX), KOTOpble MOTYT IIOTeHIIMAaAbHO BAMATh Ha KOANYECTBO
UCIIOAB3yeMOl  ®Heprmu. BDTo OBIAO IIPOAHAAU3MPOBAHO B  IIEPBOIA
1CcCAeA0BaTeAbCKON paboTe 4aHHON AuccepTaliui, 445 KOTOPON AaHHbIe ObLA
coOpaHbl IyTeM MpOBeJeHNus OmIpoca B AOMOXO3SNCTBaX. PesyabraThi
IIOKa3bIBAalOT, YTO HaBO3 M ApOBa CYUTAIOTCS OCHOBHBIMIU MCTOYHMKaMMU
SHEPIMM B CEeAbCKUX TOpHBIX paroHax Tagxmkucrana. Ha koamgectso
OTpe0AsIeMBIX APOB IOAOXUTEABLHO TIOBAMSAAM BBICOTA PacCIIOAO0KeHN,
pa3Mep 4acTHOTO caja AOMOXO3AJCTBa 1 OOIllee KOAMYeCTBO YacoB OTOILAeHIs,
B TO BpeMs KaK YpOBeHb OOpa3oBaHMs U AOCTYI K HageXKHOMY CHaO>XeHMIO
DAEKTPODHEPIuU IIOBAUAO Ha MOTpedAeHne ApoB OTpuijaTeAbHO. PesyabTaThl



Tak>Ke IoKa3aAy, YTO OCHOBHBIMU VICTOUHMKaMI APOB SIBASIOTCSI YaCTHBIE CaAbl,
Aeca, ylieAbsl, MeCTHOCTU BAOAb AOPOT U CeAbCKOXO35ICTBeHHBIX YTOAU (T1aBa
6.1). B To Bpems Kak KoAmMYecTBeHHas OIleHKa MCTOYHUKOB ApPOB 3a
IpejesaMi Ae€COB OCTaeTcsl Tpo0AeMOii 110 psAy INPUYNMH, BO BTOpOil paboTe
ObLA0 IIpOAHAAM3UPOBAHO IIpeJJlOXKeHue U CIpoc Ha Aposa. PesyabraTs
IIOKa3bpIBAIOT, YTO B OOABIIMHCTBE U3ydyaeMBIX pailOHOB OalaHC MeXAy
IIOCTaBKaMI APOB U3 A€ca U CIPOCOM OCTAaeTCs IMOAOXKUTEAbHBIM, HO CBA3aH C
HEeOIIpeAeA€HHOCTBIO U 40/AKEeH MHTePIPeTHPOBaThCsl C OCTOPOXKHOCTEIO (TAaBa
6.2 n 9). TecHo cBsi3aHHas CO BTOPOIl pabOTON U IpeAcTaBAeHHas B TpeTbell,
AecHasl OMoMacca 13y4aeMoro palioHa OlleHMBaAach C IIOMOIIIBIO CITyTHUKOBBIX
AaHHBIX BbICOKOTO paspemeHnss RapidEye. Dra pabora mnokasaaa, 4to B
I10AYy3aCyIIAMBBIX U 3aCyIIAMBBIX perrMoHax KpacHble Kpas M TeKCTypHbIe
IapaMeTpsl yAy4IIalOT pe3yAbTaTel MOAeAa AAs OLIeHKU ApeBecHOI G1oMacchl
(raaBa 6.3 m 10). BosMoxxHOCTM A4 MHTerpaliuM pPe3yAbTaTOB HTOIO
1ccAeAOBaHMs B IIPOCTPAHCTBEHHBIN aHaAM3 CO CIIPOCOM ApPOB BblJeAeHbl B
IepcreKxTuBe nccaelosanns (raasa 13).

YrpaBaeHue He TOABKO ApOBaMM, HO B I1leAOM YyIIpaBAeHUe JecaMu
SIBASIETCA BaKHBIM acIeKTOM YCTOMYMBOTO MCIIOAB30BaHMUSA BDTUX PeCcypcoB.
UYerpeprass paboTa oOXxBaTbiBaeT 0oJAee IIMMPOKUII KOHTEKCT TeKyIIero
ynpasaeHus Aecamm B TagKMKucTaHe M yAydIIeHMSI A€CHBIX DKOCHCTEMHBIX
ycayr (9Y). belam mnposegeHBl TAyOMHHBIE MHTEPBBIO C 9KCIepTaMy Ha
HallMOHaAbHOM ypoBHe. PesyabraTel IIOKa3aAl, YTO CO3JaHMe HOBBIX
VHCTUTYLIMOHAABHBIX ceTell MpuBoAUT 3(PPeKTUBHOMY YIIPpaBAHUIO JAecaMIL.
TeMm He MeHee, e1lle IPeACTOUT IIPeOAOAETH IIPOOAEMBI, CBsI3aHHBIE C CO34aHIeM
9 PeKTUBHOI 3aKOHOAATEABHON 0a3bl, IPO3PaYHOCTHIO MPUHATUS peIleHnII U
oOecrieueHreM peaansauuu (raasa 6.4 n 11).

Hecmotpst Ha TO, 4TO C AaHHON AuccepTaluell COIpsKeHa HeKOoTopas
HeoIllpeAeAeHHOCTD, a TakKe orpaHmdyenns (raasa 12 u 13), oHa, TeM He MeHee,
IIpeJoCTaBAsieT HOBble DMIMpUYecKre 3HaHUS AAs YTAyDAeHHOTO IOHMMaHUSL:
a) SHepreTMYecKoil curyanuy, 0) poam DY B yA0BAETBOPEHUM CIpOca Ha
DHEPTUIO, B) CUTyall B 001aCT CIIpoca U NpeAA0XKeHNUs U I) yripaBaeHus DY .
PesyabTaThl Ba>KHBI He TOABKO A5 BLICOKOTOPHBIX partoHoB TaskukucraHa, HO
M PerrMoHOB C IIOXOXKell ICTOopueil, COLMAaAbHO-DKOHOMUYECKMMU U
KAMMaTUYeCKMMM yCAOBMSAMM, TaKMMM KakK cTpaHbl ObiBirero CoBeTcKoro
Coro3za.

Heobxoaumo  omnpeaeanTh — jgaabHeiIye  OPUOPUTETHI  HayYHBIX
nccAeJOBaHUIT AAsl TIOCAeAyIolero cOopa KadeCTBeHHONM M KOAMYeCTBeHHOI
SMIIMPUYECKON U DKOAOTMYECKON MHPOpMalNy, KOTOpas IIOMOKeT YAy4IINTD
IIOHMMAaHIE BO3MOXKHBIX M3MEHEHMI U MCIIOAB30BaHMe DY B KU3HU AIOAEIN.
Mamenenns MOryT craTth Doaee ®KCTpeMaAbHBIMM, YUMUThIBasl DoAee IMPOKMIt
KOHTEKCT M3MEHeHMs KAuMaTa B YSA3BUMBIX T'OpHBIX parioHax Llentpaapnon



Asymn. B »TOM KOHTeKCTe MHOTME BOIPOCHI OYeHb Ba>KHBI A4S MCCA€AOBaHUS U
X IOHMMaHIe MO’KeT IIOMOYb CHU3WUTh JaBJAeHUe Ha CKyJHble IIpUpPOAHbBIe
pecypcel permoHa (raasa 13). OHmM BKaAIOYaIOT B ceOs BAMAHNE M3MEHEHUs
KAlMaTa Ha 3eMAeIl0Ab30BaHNe, CTpaTeIrny ajantaunmu AAs AepUIUTHBIX DY,
IIPOCTPaHCTBEHHbIE 1 BpPeMeHHble IIOTOKM DY U UX CHUHepIM3M, a TakKxkKe
aabTepHATMBHBIE CTpaTeIMU AASl YBeAWYEHMs IIPeAAOKeHUs WM CHVDKeHIS
crpoca Ha DY.



Zusammenfassung

Der Druck auf natiirliche Ressourcen ist in den letzten Jahrzehnten durch das
weltweite  Bevolkerungswachstum und dem daraus resultierenden
Bedarfsanstieg enorm gestiegen. Das geht soweit, dass in weiter entwickelten
Landern Dienstleistungen der Natur schon durch anthropogene Eingriffe
ersetzt oder erweitert werden miissen. Die rdumliche Dimension der Nutzung
und Bereitstellung von nattirlichen Dienstleistungen geht in vielen Fillen tiber
einzelne Region weithinaus, dementsprechend haben Umweltauswirkungen
einen globalen Charakter. In anderen Teilen der Welt, vor allem in den
landlichen Gebieten von Entwicklungslindern, ist der Fluss von
Okosystemdienstleistungen rein auf die lokale Ebene begrenzt. Hier steigen
dann dementsprechend lokal die Umweltauswirkungen enorm an. Dies trifft
besonders auf isolierte, aride Hochgebirgsregionen zu, wo klimatisch bedingt
knappe Ressourcen und extreme Umweltbedingungen das Leben der
Bevolkerung erschweren. Der Energiebedarf, besonders fiir Heizen und Kochen,
ist signifikant hoch. Jedoch, ist bisher wenig {iiber die Heterogenitdt der
Energienutzung und deren Management sowie rdumliche Dimension bekannt
(Kapitel 3).

Vor diesem globalen und regionalen Hintergrund, zielt diese Dissertation
darauf ab ein besseres Verstindnis tiber das lokale Energienutzungsmuster zu
erlangen. Zusitzlich legt sie ihren Fokus auf den Verbrauch von Feuerholz auf
Haushaltsebene und welche Faktoren diese beeinflussen. Des Weiteren wurden
der Bedarf, die Verfiigbarkeit und das Wirtschaften von Feuerholz auf der
lokalen und nationalen Ebene analysiert und im tibergreifenden Kontext von
Entwicklungs - und Transformationsldnder. Tadschikistan wurde
auf Grund seiner einzigartigen und ,reprdsentativen” Geschichte zur
Energienutzung als Forschungsregion ausgewdhlt. Da die lokale Bevolkerung
mit dem Ernst der Lage in der Energiesituation umgehen muss, ist ein besseres
Verstdndnis der Energienutzung in der ariden Hochgebirgsregion des Landes
von sehr grofier Bedeutung (Kapitel 5). Hierbei konnen mehrere Faktoren
(biophysikalische, sozio-ckonomische, steuerungstechnische) potenziell den
Bedarf an Energie beeinflussen. Dies wurde im speziellen im ersten Artikel
untersucht. Dafiir wurden Daten mit Hilfe von Interviews auf Haushaltsebene
gesammelt. Der Artikel zog den Schluss, dass Viehdung und Feuerholz als
Hauptenergiequellen in den ldndlichen Regionen von Tadschikistan gelten. Die
Menge genutzten Feuerholzes korrelierte positiv mit der Hohe, Gartengrofe
eines Haushalts, und Gesamtstunden fiirs Heizen. Wobei Bildungsniveau, und
Zugang zu verldsslicher Elektrizitdtsversorgung Feuerholznutzung negativ
beeinflusste. Weitere Ergebnisse zeigten, dass Hauptbezugsquellen fiir



Feuerholz Girten, Waldfldachen, Felsschluchten, Straflenverldufe und
landwirtschaftliche Fldachen sind (Kapitel 6.1). Da die verldssliche
Quantifizierung von Feuerholzquellen aufSerhalb von Forstflichen noch eine
grofie Herausforderung darstellt, wurden im zweiten Artikel die Nachfrage und
Verfuigbarkeit von Feuerholz analysiert. Die Analyse hat ergeben, dass fiir die
meisten untersuchten Flichen das Budget zwischen Angebot und Nachfrage
von Feuerholz positiv ist. Jedoch miissen diese Ergebnisse wegen grofier
Unsicherheiten im Modell mit Vorsicht betrachtet werden (Kapitel 6.2 und 9).
Eng mit dem zweiten Artikel verbunden, wurde im dritten Artikel holzige
Biomasse mit Hilfe von hochaufgelosten RapidEye Satellitendaten fiir sieben
Forstflichen in der Forschungsregion beziffert. Der Artikel zeigte, dass die
Einbringung von Spektralinformation des Bandes Red Edge wund
Textureigenschaften der multispektralen Bilddaten die Modellergebnisse zur
Messung von holziger Biomasse erheblich verbesserten (Kapitel 6.3 und 10). Die
Moglichkeiten diese Ergebnisse der Studie in die rdumliche Analyse der
Nachfrage von Feuerholz einfliefen zu lassen wird im Kapitel zu
Forschungsausblick diskutiert (Kapitel 13).

Nicht nur die reine Nutzung von Feuerholz, sondern auch die generelle
Steuerung, Bewirtschaftung und Kontrolle von Wald sind ein wichtiger Aspekt
wenn eine nachhaltige Verfiigbarkeit von Ressourcen gegeben sein soll. Der
vierte Artikel erfasste somit einen breiteren Einblick in die gegenwadrtigen
Entwicklungen des Forstsektors in Tadschikistan und inwiefern forstliche
Okosystemdienstleistungen (OSL) gestarkt werden. Umfassende und
ausfithrliche Interviews wurden mit Experten auf nationaler Ebene
durchgefiihrt. Die Ergebnisse deuteten darauf hin, dass die Einrichtung von
neuen institutionellen Netzwerken momentan zu positiven Entwicklungen im
Forstsektor und einer verantwortungsvolleren und besser geregelten
Forstwirtschaft fithren. Jedoch wurden noch einige Herausforderungen in der
Schaffung von  gesetzlichen Rahmenbedingungen, Transparenz bei
Entscheidungsfindungsprozessen und deren Umsetzungen identifiziert, die es
noch zu tiberwinden gilt (Kapitel 6.4 und 11).

Obgleich diese Dissertation forschungsbedingt noch einige Unsicherheiten
und Limitierungen beinhaltet (Kapitel 12 und 13), trdgt sie zu neuen
empirischen Erkenntnissen bei und verbessert das Verstindnis von: i) der
Energiesituation, ii) der Rolle von forstlichen OSL um den Energiebedarf zu
decken, iii) der Situation von Angebot und Nachfrage und iv) der Steuerung
und Kontrolle von OSL. Zudem sind die Ergebnisse nicht nur fiir die
Hochgebirgsregion Tadschikistans von Relevanz, sondern lassen sich auch auf
andere Regionen mit 4dhnlicher Historie und sozio-6konomischen
Entwicklungen, wie z.B. Nachfolgestaaten der Sowjetunion, sowie dhnlichen
klimatischen Bedingungen tibertragen. Weitere Forschungsschwerpunkte
sollten auf die weitere Erfassung von quantitativen und qualitativen



empirischen und o©kologischen Daten gelegt werden, um ein besseres
Verstdndnis tiber Verdnderungen in der Verfiigbarkeit und im Verbrauch von
OSL als Lebensgrundlage fiir die Bevolkerung zu erlangen. Im Hinblick auf
klimatische Verdnderungen in den vulnerablen Hochgebirgsregionen
Zentralasiens ist es anzunehmen, dass die Bedingungen extremer werden. Vor
diesem Hintergrund sind Fortschritte in der angewandten Forschung
entscheidend, um einen Beitrag zur Verringerung des Nutzungsdrucks auf die
ohnehin schon knappen Ressourcen in der Region leisten zu konnen (Kapitel
13). Forschungsschwerpunkte sollten hierbei die Auswirkungen des
Klimawandels auf die Landnutzung sein; die Bereitstellung von multiplen OSL;
die Entwicklung von Anpassungsstrategien an unzureichender Versorgung von
OSL; rdumliche und zeitliche Versorgung von OSL wund deren
Bereitstellungssynergien sowie - Konflikte; alternative Strategien um die
Verfiigbarkeit von OSL zu erhthen und gleichzeitig die Nachfrage zu senken.
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Definitions of key terms

Term Definition Source

Biodiversity “isthe variability among living organisms from MA, 2003
all sources including terrestrial, marine, and
other aquatic ecosystems and the ecological
complexes of which they are part; this includes
diversity within and among species and diversity
within and among ecosystems.”

Demand for “is the sum of all ecosystem goods and services Burkhard,

ecosystem currently consumed or used in a particular area et al., 2012
services over a given time period.”
Ecosystem “ An ecosystem is a dynamic complex of plant, MA, 2003

animal, and microorganism communities and the
nonliving environment, interacting as a
functional unit. Humans are an integral part of
ecosystems.”

Ecosystem “ An intrinsic ecosystem characteristic related to ~ MA, 2003
function the set of conditions and processes whereby an

ecosystem maintains its integrity (such as

primary productivity, food chain, biogeochemical

cycles). Ecosystem functions include such

processes as decomposition, production, nutrient

cycling, and fluxes of nutrients and energy.”

Ecosystem “The benefits people obtain from ecosystems.” MA, 2003

services These include provisioning, regulating, cultural,

(more and supporting services.

definitions in

Table 1)

Ecosystem “Cultural Services include the non-material TEEB, 2010
services: benefits people obtain from contact with

cultural ecosystems. They include aesthetic, spiritual and

psychological benefits.”

Ecosystem “Habitat or Supporting Services underpin almost TEEB, 2010

services: all other services. Ecosystems provide living
habitat or spaces for plants or animals; they also maintain a
supporting  diversity of different breeds of plants and
animals.”
Ecosystem “Provisioning Services are ecosystem services TEEB, 2010
services: that describe the material outputs from

provisioning ecosystems. They include food, water and other
resources.”




Term Definition Source
Ecosystem “Regulating Services are the services that TEEB, 2010
services: ecosystems provide by acting as regulators e.g.
regulating regulating the quality of air and soil or by

providing flood and disease control.”
Ecosystem “ A stakeholder who benefits directly from a Harrington
services biological or physical resource, ecosystem etal., 2010
beneficiary  service, institution, or social system, or someone

who is or may be affected positively by a public

policy.”
Ecosystem “The component populations, communities, Harrington
services functional groups, or trait attributes thereof, as etal., 2010
provider well as abiotic components such as habitat type,

that contribute to ecosystem service provision.”
Firewood Firewood: unprocessed woody biomass of trees,  Authors’
(Tajikistan’s bushes, shrubs used for burning mostly for food  definition
context) cooking or house heating.
Forest “ Area which is no less than 10% covered by Forest
(Tajikistan’s wood-forming plants, not less than 0.5 haanda  Code, 2011
context) width not less than 10 m.”
Forest fund  “The State Forest Fund comprises of all the Forest
(Tajikistan’s forests of natural origin, regardless of the land Code, 2011
context) user, as well as forests of artificial origin,

administered by the state agencies, and lands

which are not covered with forest vegetation,

provided for forestry needs.”
Forest “Forest governance includes the norms, Kishor and
governance  processes, instruments, people, and organizations Rosenbau

that control how people interact with forests.” m, 2012
Good “Governance is generally considered “good” if it  Kishor and
governance is characterized by stakeholder participation, Rosenbau

transparency of decision making, accountability =~ m, 2012

of actors and decision makers, rule of law, and

predictability. Good governance is also

associated with efficient and effective

management of natural, human, and financial

resources, and fair and equitable allocation of

resources and benefits.”
Pasture “Land of the State Forest Fund intended for Forest
(Tajikistan’s  livestock grazing purposes.” Code, 2011
context)
Supply of “refers to the capacity of particular area to Burkhard,
ecosystem provide a specific bundle of ecosystem goods and et al., 2012
services services within a given time period.”
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PART I

CONCEPTUAL
FRAMEWORK






1. Thesis motivation and outline

During the past 50 years, a growing population (from 2.5 billion in 1950 to 7.2
billion in 2013) and changing consumption patterns have led to an increasing
pressure on the world's natural resources (Tilman et al., 2001; Arrow et al., 2004;
Imhoff et al., 2004; Godfray et al., 2010; Liu et al., 2010; Zhen et al., 2011; MA,
2005a, 2005b; UN, 2012, 2013). The growing demand, mostly for food, fresh
water, timber, fiber and fuel, results in considerable global changes in the
ecosystems (MA, 2005a, 2005b). While technically advanced countries are able to
expand their natural limits (Meadows et al., 1972), this knowledge is still limited
in most parts of the world. For example, most developing countries with weak
economies depend heavily on the availability of natural resources and,
consequently, their ecosystem services (ES). This is particularly the case in the
context of forests related to energy consumption. As one of the most important
provisioning services, firewood is harvested from forests but also from trees
growing outside of forests and remains the main domestic fuel source for rural
populations in developing countries (Kersten et al.,, 1998, Mahapatra and
Mitchell, 1999; Okello et al.,, 2001, Arnold and Persson, 2003; Angelsen and
Wunder, 2003; Arnold et al., 2006).

Depending on the scale, forest firewood supply and demand are not
entirely uniform and vary from country to country and region to region (Drigo
et al,, 2002; Arnold and Persson, 2003; Angelsen and Wunder, 2003; Parikka,
2004). The distribution of forest goods and services is highly dependent on the
governance at spatial and temporal scales. Currently, forest governance has
three main trends: a) decentralized management of forests that are not relevant
for logging but play an essential role in rural areas of developing countries, b)
involvement of logging companies, and c) certification system, especially in
developed countries (Agrawal et al, 2008). Many developing countries,
especially those located in the high mountainous plateau of Central Asia, relate
only partly to the first category of the classification by Agrawal et al., (2008),
because decentralized management of forests is yet to be achieved in this
region. The region is not unique by its landscape characteristics only, but also
due to its distinctive history as a part the Soviet Union from the 1920s to the
1990s. At present, all Central Asian countries are facing a transition from a
communist command-and-control system to a more market oriented,
decentralized and participatory forestry. Moreover, the energy crisis, which
occurred after the collapse of the Soviet Union put high pressure on the already
scarce forest resources.

Against these global and regional backgrounds, this research focuses on
understanding energy consumption patterns, forest firewood supply, demand
and governance at the local and national scales. Empirical case studies are



demonstrated in the case of Tajikistan, one of the Central Asian developing
countries in transition. The outline of the thesis is presented in Figure 1.

PART I highlights a critical review of theories on the ES concept, followed
by a focus on forest ES and their role in the context of developing countries. The
thesis then narrows to developing countries of the former Soviet Union,
describing their distinct historical background of energy situation and forest
governance. Within these countries, the chapter narrows to the mountainous
regions of Tajikistan, which are especially vulnerable due to their scarce energy
resources. This is followed by establishing a research niche and objectives of the
study. The research area and a short overview of the methodological steps are
also described in this chapter as well. A detailed explanation of the methods
and data is included in the summary of each research paper at the end of this
chapter. PART II introduces the research papers of the thesis. PART III
summarizes the main conclusions and gives relevant recommendations for
different stakeholders



Factors influencing households'
firewood consumptionin the
Western Pamirs, Tajikistan

Woody biomass estimation in semi-
arid high mountainous region using
high-resolution red edge and texture
satellite features

Forest firewood availability and usage: the
case of western Pamirs, Tajikistan

Theoretical background: Research gaps in Tajikistan’s context: General methodological ste_ps to
answer the research questions:
« critical review of theories + energy consumption, its association with other biophysical ) . . o
) . and socio-economic factors is not investigated 1. Literature research: systematic analysis of scientific literature
« forests ES developing, post-Soviet sources, grey literature, internet
countries, with the focus on high « the impact of firewood extraction from forest remain largely ) .
mountainous regions unknown 2. Concept development: finding research niche
+  Tajikistan's context «  the challenges of forest governance in transition has 3. Questionnaires/field sheets elaboration
received very little scientific attention 4. Research sites selection: visiting potential research sites/forestry
sector
Research questions 5. Sample selection: random sample selection or snowball method
1. What is the households’ energy consumption pattern and which biophysical and socio-economic factors mostly 6. Data collection: interviews, measurement
influence firewood use?
. N . ) 7. Data analysis: regression methods, data categorizing
2 What are the main patterns of forest firewood availability and usage in the domestic sector?
8. Results interpretation: summarizing the main results and giving
3. What are the key challenges towards good forest governance? recommendations
Paper1 Paper 2 Paper3 Paper4

Current pathways towards good forest
governance for ecosystem servicesin the
former Soviet republic Tajikistan

Main conclusions:

+ Animal dung and firewood remained the most important energy sources in the rural mountainous areas of Tajikistan
+ The budget between forest firewood availability and usage remained in most cases positive however, should be interpreted with caution
+ The results indicated that established institutional network is a first step towards good forest governance. However, challenges in establishing sound legal frameworks, decision-making

transparency, and implementation enforcement remain to overcome. Ecosystem service have a high potential to contribute towards good forestgovernance.

Legend:

Figure 1 Outline of the thesis.

Part 1: Synopsis
Part 2: Research results/Publications
Part 3: Main conclusions







2. Research framework

2.1 Ecosystem services concept: from a metaphor to
scientific framework

The current concept of “Ecosystem Services’ and the economic valuation of these
services are the results of half a century of debates among scientists, politicians
and practitioners (e.g. Krutilla, 1967; Ronald et al, 1969; Helliwell, 1969; Ehrlich
et al., 1977; Randall and Castle, 1985; Costanza, 1991; de Groot, 1992; Pearce and
Moran, 1994; Daily, 1997; Daily et al., 2000; de Groot et al., 2002). Ecological
economists and conservation biologists promoted the metaphor of viewing
nature as a stock of “capital” in order to communicate the economic growth,
environmental sustainability and nature conservation (Costanza and Daly, 1992;
Daily, 1997; Jansson et al., 1994; Prugh et al., 1999; Daily et al., 2000). The
relationship between the economy and the natural environment became
stronger, resulting in the creation of an integrating discipline called ‘ecological-
economics’ in the 1990s (Costanza, 1991; Braat and de Groot, 2012). The “eye-
opening” metaphor used in that context soon turned into a framework, leading
to the foundation of the Millennium Ecosystem Assessment (MA) in 2003, in
order to create a holistic, science based and policy-relevant platform (Norgaard,
2010, MA, 2003, 2005a). The transition was complemented by diverse,
multilevel, theoretical and practical concepts as well as the development of new
monetary valuation methodologies of nature, which resulted in an exponential
growth of scientific literature (Fisher et al., 2009).

In contrast, the controversy sparked by the economic valuation of ES
received much criticism (see e.g. Chee, 2004; Sagoff, 2008; Gémez-Baggethun
and Ruiz-Pérez, 2011; Norgaard, 2010; Schroter et al, 2014). Grét-Regamey et al.,
(2012) claims the ES concept to have been misused and reduced to “a
buzzword”, and thus being at risk of dying off. Nevertheless, the MA and the
promising methods for monetary valuation of nature led to the establishment of
the global initiative - The Economics of Ecosystems and Biodiversity (TEEB),
which is focused on highlighting the growing cost of biodiversity loss and
ecosystem degradation (TEEB, 2010). Following TEEB, the Intergovernmental
Platform on Biodiversity and Ecosystem Services (IPBES) was established in
2012 aiming for a more effective use of science in practical decision-making at
all scales (IPBES, 2012). In parallel, a distinct Ecosystem Services Journal is now
devoted to these topics alone. ES in general represents an important area of
research at present due to the increasing destruction of ecosystems globally
(Fisher et al., 2009; Patterson and Coelho, 2009).



Considering the frequent appearance of ES in scientific literature, there
seems to be no agreement on a consistent definition of ES (de Groot et al., 2002;
Kline, 2007; Costanza, 2008; Fisher and Turner, 2008; Patterson and Coelho,
2009; Fisher et al., 2009). Each definition differs according to its emphasis on the
supply and/or demand side, market and non-market services, temporal and
spatial scale, units of measurement, policy relevance and so forth (Patterson and
Coelho, 2009). Depending on the aim of each specific study, many other
definitions evolved in the past decades. Table 1 presents an overview of the
most common ES definitions in research and practical application. The most
generic and accepted definition of ES remains “the benefits that people receive
from healthy ecosystems” (Daily, 1997; MA, 2003). As it is broad, this definition
allows meaningful comparisons across different policy contexts, temporal and
spatial scales. The definition is, however, debatable especially when considering
arguments from ecology and economics perspectives. The distinction between
goods (e.g. food) and services (e.g. aesthetic values) is sometimes made, but not
always (Fisher et al., 2009; Braat and de Groot, 2012). However, up to now the
concept remains the most generic, scientifically accepted and with great
potential for practical applications.

Table 1 Multiple definitions of ecosystem services in research and practical application
(adapted from Patterson and Coelho, 2008; Braat and de Groot, 2012).

Definition Source(s)

“Ecosystem Services are the conditions and processes
through which natural ecosystems, and the species that make
them up, sustain and fulfil human life”

Daily, 1997

“Ecosystem Services are the benefits human populations Costanza et

derive, directly or indirectly, from ecosystem functions” al., 1997
“Ecosystem Services are the benefits people obtain from Daily, 1997;
ecosystems” MEA, 2003;
“Ecosystem Services are components of nature, directly Boyd and
enjoyed, consumed, or used to yield human well-being” Banzhaf, 2007

“Ecosystem services include ecosystem organization

Fischer et al.,

(structure), operation (process), and outflows, if they are 2008; Fischer
consumed or utilized by humanity either directly or et al., 2009
indirectly”

“Ecosystem Services are the direct and indirect contributions TEEB, 2010

of ecosystems to human well-being”




2.2 Conceptualizing ecosystem services supply and
demand

Although the growing demand for many ES is compensated by increasing
supply, currently human well-being is affected by the gap between ES supply
and demand (MA, 2003, 2005b). In recent years, many studies have attempted to
quantify demand and/or supply of various ES. Researchers have generally
focused on the supply analysis across various scales (Antle and Valdivia, 2006;
Egoh et al., 2008; Jujnovsky et al., 2012), while less attempts have been made to
analyze the demand side (Ferng, 2007). Some have spatially quantified the
demand and supply of specific ES simultaneously (Top et al., 2004; Masera et
al., 2006; Ghilardi et al., 2009; McDonald, 2009; Raudsepp-Hearne et al., 2010;
Nedkov and Burkhard, 2011; Burkhard et al.,, 2012). Further studies have
conceptualized the ES supply and demand interrelation. Koellner (2009)
proposed an outstanding ES supply and demand concept in the context of
nature and human well-being, showing the interdependences between the
ecological and the socio-economic system. Similarly, Burkhard et al., (2012)
developed a conceptual framework linking ecosystem integrity, ES and human
well-being with supply and demand in the human-environmental system.
Paetzold et al., (2010) suggested a framework to assess ecological quality taking
into account the demand and supply of ES. Another recent Framework for
Ecosystem Service Provision (FESP) suggested by Rounsevell et al.,, (2010)
addresses the role of humans within various components in the socio-ecological
system. This framework also underlines the conflicts and trade-offs between
multiple ES as well as providers and beneficiaries of ES.

However, there is a lack of a conceptual framework that goes beyond the
supply and demand of ES and addresses the mechanism of their interrelation as
well as strategies to overcome scenarios where the demand exceeds the supply.
Figure 2 depicts a conceptual framework integrating the relationship between
demand and supply for ES, including emerging scenarios across multiple scales.
Two general strategies can be applied: the first one is to decrease the demand
and the second is to increase the supply of the given ES. Both strategies in turn
consist of actions. On the one side, the fact that an ecosystem provides multiple
and interrelated services is often overlooked, thus leading to an increase of few
services, but at the same time to a decline or loss of other services (Bennett et al.,
2009). On the other side, to capture all ES across all scales is unfeasible.
Therefore, the supply and demand of only one ES (ES:) is demonstrated in the
framework below. The ES supply and demand can be influenced by biophysical,
socio-economic factors and governance of resources across multiple scales.
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Figure 2 General framework showing the scenarios of ES1 and the strategies. The
application of any strategy has a feedback-loop effect on the ES1 over time. Thus, a
change in the supply of ES1 in turn has an effect on the other ES. The demand and
supply of ES, the scenarios and strategies are influenced by interacting biophysical,
socio-economic and governance factors at multiple spatial scales.

2.3 Governance of forests and their ecosystem services

In line with the current worldwide deforestation and other environmental
changes related to forests, the forest governance topic lately received much
scientific and political attention. While the issue of why some forests are in
better condition than others requires further research, there is a general
consensus that governance plays a key role in defining forest outcomes
(Ostrom, 1999; Tucker, 2010). There is no single accepted definition of forest
governance (FAO, 2010; Secco et al, 2013). However, in a broad sense, it includes
a “process of how decisions are made about forests, as opposed to focusing
exclusively on what decisions are made or the outcomes of those decisions”
(WRI, 2013; FAO, 2010). When these outcomes lead to sustainable forest
management over a long time, the forest governance is labeled as “good forest
governance.” Similarly to forest governance, there are several definitions of
good forest governance. Essentially it includes compliance with the rule of law,
effectiveness, transparency, predictability and accountability (FAO and ITTO,
2009; Cashore, 2009a, 2009b; Rametsteiner, 2009; Kishor and Rosenbaum, 2012).
These mentioned principles are widely accepted; however, why and how to
measure them remains a challenge (Kishor and Rosenbaum, 2012; WRI, 2013;



Secco et al., 2013). The reason to measure forest governance principles is that “it
is easier to manage things that can be measured” (WRI, 2013) and it “provides
foundation for improvement” (Cashore, 2009b; Kishor and Rosenbaum, 2012).
The answer to the ‘how’ question is, however, not so simple. Measurement of
“goodness” or “badness” of forest governance has not been an easy task for
scientists, politicians and practitioners, because quantitative assessments are
difficult and qualitative ones are subjective (WRI, 2013). Nevertheless, several
methodologies and tools were developed in order to assess forest governance at
international and national scales (Secco et al., 2013). Approaches such as the
Ministerial Conference on the Protection of Forest in Europe set of Criteria and
Indicators (MCFPE, 2015), the Forest Law Enforcement, Governance and Trade
(FLEGT, 2015) and tools like Forest Governance Diagnostics Tool (WB-ARD,
2009), Governance of Forests Toolkit (GFI, 2009) and Framework for Assessing
and Monitoring Forest Governance (Kishor and Rosenbaum, 2012) are already
implemented on global, regional and national levels. As for the sub-national or
local levels, Secco et al., (2013) developed a comprehensive set of indicators for
assessing forest governance.

2.4 Forest ecosystem services in developing-transition
countries

Forest ecosystems are a central component of Earth’s biogeochemical systems.
They provide crucial ecosystem functions, goods and services for human well-
being in multidimensional ways (MA, 2005a; Nadrowski et al., 2010; Amacher et
al., 2014). Until recently, timber production was the main objective of forestry,
though other ES are attaining similar importance (Aldea et al., 2014). ES are
classified into four categories, which apply to forest ecosystems as follows (MA,
2005; Patterson and Coelho, 2009; UN, 2014):

e Provisioning: physical products of forests (e.g. food, wood, and fuel);

e Regulating: the ‘preventative’ benefits of forests (e.g. erosion control,
regional climate regulation, carbon sequestration);

e Cultural: nonmaterial benefits of forests (e.g. aesthetic, spiritual, and
recreation);

e Supporting: foundations of all other ES of forests (e.g. nutrient cycling,
water cycling, and provisioning of habitat).

The above mentioned forest ES are fundamental for the survival of local
people, especially in developing countries, which are characterized by relatively
little capital (MA, 2005b; Vemuri, 2008; Ferraro et al., 2011). While forest-rich
developing countries (e.g. tropical areas) have received worldwide attention
because of their economic value, biodiversity and broad range of services,
forest-poor countries (e.g. in arid areas) are often overlooked across



international science-policy agendas. This is especially true for mountainous
areas of developing countries where forest resources are very scarce, but where
the local population is particularly dependent on these resources. At the same
time mountainous regions are vulnerable due to their geographical isolation
and threats of the impact of global changes (Koellner, 2009; Grét-Regamey et al.,
2012; Briner et al., 2013). Furthermore, some mountainous regions are strongly
influenced by the history of forest governance.



3. Research gaps

In recent years, especially after the creation of the Millennium Ecosystem
Assessment (2003), worldwide research on forest ES has increased drastically
(Figure 3). While China plays a leading role among developing countries in
forest ES research, many other countries failed to deliver adequate information
and “responses to the challenges of sustainable forest development in a rapidly
changing world” (Acharya, 2005). This is because forestry research is expensive
and some developing countries are not yet able to afford establishing a sound
research platform. This is especially noticeable in the Post-Soviet developing
countries. Before the collapse of the Soviet Union, much funding was invested
in forestry research, but since the collapse there have only been little
investments in forest related studies. A further barrier is that literature from
Soviet times is only available in Russian language and accessible in the archives
or libraries with a lack of digital access. Thus, the knowledge about important
forest ecosystem goods, such as fuel and services, erosion prevention and water
quality is currently very limited.

A big share of energy originates from forests. The rising concern of lack of
energy sources and thus, sustainable management of forests resources, remains
a crucial issue in the isolated mountainous regions. Tajikistan, a post-Soviet
mountainous republic received very little attention of science based approaches
in the field of energy use and resources governance. Despite the importance of
scarce energy sources in the daily life of people in Tajikistan, very few empirical
studies exist. Furthermore, understanding of energy sources, such as firewood
extraction from the forests, is very limited. This is particularly important for
mountainous areas of Tajikistan due to their remoteness, socio-economic
conditions and limited access to alternative energy sources. Understanding
forest firewood production and consumption patterns is crucial for sustainable
forest management, as it allows this scarce resource to be allocated efficiently.
Currently, the impact of firewood extraction from forest remains largely
unknown. Methodologically, to estimate forest above ground biomass in arid
environments different techniques have been applied to low and medium
resolution satellite images (Diouf and Lambin, 2001; Kraus and Samimi, 2002; Qi
and Wallace, 2002; Wiley et al., 2002; Holm et al., 2003; Samimi, 2003; Samimi
and Kraus, 2004; Kawamura et al., 2005; Wessels et al., 2006; Aranha et al., 2008;
Xu et al.,, 2013; Brandt et al., 2014). However, a large scientific gap remains in
high arid mountainous areas, such as the Central Asia region, where high
resolution imagery (< 5 m), including red edge band or texture parameters, has
so far not been used.
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4. Aims and research questions

Given the background and research gaps elaborated above, this research aims to
attain a broader understanding of the domestic energy consumption in rural
areas, with a special focus on forest firewood use and forest governance related
to challenges towards good governance. Tajikistan, as an example of high arid-
mountainous regions and countries in transition, is chosen as a case study area,
for which this comprehensive aim is scaled down to two main hypotheses:

Hypothesis 1: Since the collapse of the Soviet Union, firewood remains a
particularly important source of energy in the rural mountainous regions of
Tajikistan.

Out of the eight million Tajikistan’s inhabitants, 73% live in rural areas
(World Bank, 2014a; 2014b). However, rural population consumes only 8-11% of
the total electricity (UN, 2013). Until now, most of the efforts on promoting
energy result in estimating the potential for hydro, solar and wind energy,
while the rural population continues to suffer from energy poverty, especially in
winters. Moreover, 55% of the rural population lives below the national poverty
line (US$ 1.4 per capita per day) (World Bank, 2009). Thus, because of the high
prices of coal and gas (due to the long transportation distance) and electricity, in
many mountainous places local people prefer the cost-effective option of
collecting firewood from their own gardens, or along the roads, fields, in the
mountains and are also known to extract it legally/illegally from forests. Apart
from the local energy situation in Tajikistan, our hypothesis is supported by
numerous publications, stating the importance of firewood use in developing
counties and mountainous regions (e.g. Kersten et al., 1998; Mahapatra and
Mitchell, 1999; Okello et al., 2001; Arnold and Persson, 2003; Angelsen and
Wunder, 2003; Arnold et al., 2006).

Hypothesis 2: Major challenges are yet to be overcome to achieve good
governance of forests in Tajikistan.

Although the forested area in Tajikistan were relatively small, during the
Soviet times (and still are), the forest sector was very powerful in terms of
management, control, finance and technology. As forests belonged to the
socialistic state (Mukhin and Kryvda, 1976), the state played the dominant role
in defining policy directions and invested large funds in the development of the
sector (Lazdinis et al.,, 2009). However, currently, as Tajikistan is passing
through the transition phase towards a market-oriented economy, and as the
contribution of forests to the economy is not recognized, very limited funds are
allocated to the forest sector. There is an absence of stable financial revenue, e.g.
no well-established markets for forest products are available (Kirchhoff and
Fabian, 2010). This allows hypothesizing that there is lack of personnel,



technology and other challenges for the forest sector in order to achieve good
forest governance.

These two hypotheses led to the development of three main research
questions framing the present thesis:

1. What is the households” energy consumption pattern, and which
biophysical and socio-economic factors mostly influence firewood use?

2. What are the main patterns of forest firewood supply and demand in the
domestic sector?

3. What are the key challenges towards good forest governance?

These research questions are highlighted shortly in chapter 6 in the
summary of the main results and fully addressed in the research papers in
PART IL



5. Research area

5.1 Physical characteristics

The research area is Tajikistan with a total area of 143,100 km?, of which around
93% is covered by high mountains, while almost 50% of the area is located at an
elevation of more than 3000 masl (Romer, 2005; UNDP, 2008). The climate of the
country encompasses zones with continental, subtropical, semiarid and arid
climate. It varies considerably with the altitudinal gradient. In the south-
western parts the average temperature ranges from 23 °C to 30 °C in July and
from 1 °C to 3 °C in January, whereas in the Eastern Pamirs the average July
temperature varies between 8 °C and 12 °C. Here, January’s absolute minimum
temperature can reach -40 °C to -45 °C (UNDP, 2008; Kirchhoff and Fabian,
2010; Vanselow, 2011).

For quantification of energy demand and forest ES, the main focus of this
thesis was in the western part of Gorno Badakhshan Autonomous Oblast
(GBAO) (also called the Western Pamirs), an arid and high mountainous region
(Figure 4). It occupies 63,700 km?, which is 44.6 % of Tajikistan’s territory. The
highest peaks reach up to 7,500 masl. (Breu and Hurni, 2003). The high altitude
has a direct impact on the climate in the region. The ranges of the high
mountains - Hindukush and Himalaya form a barrier against moisture from the
Indian and Atlantic Oceans, thus shaping a continental climate in the region
(Miehe et al., 2001; Breckle and Wucherer, 2006). It is characterized by lower
temperatures and dry air. The considerable dryness is caused by the remoteness
of this region from oceans and large surface waters. The Western Pamirs consist
of rocky outcrops very steep slopes and deeply incised valleys along the river
Panj. It is administratively divided into seven districts: Darvaz, Vanj, Rushan,
Shugnan, Roshtkala, Ishkashim and Murgab.
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5.2 Socio-economic characteristics

In 1991 Tajikistan gained independence after the collapse of the Soviet Union.
One year later, a civil war caused tremendous human losses and devastated the
economy. Even though the economy has grown fast since then, it remains
unstable and susceptible. A big share of the economy is reliance on the
remittances from labor migrants from abroad. In 2008 the remittances
comprised approximately 50% of the country’s GDP. The economy is also
dependent on exports of cotton and aluminum (UNDP, 2008; World Bank, 2009;
ADB, 2014). Tajikistan remains the poorest country in the former Soviet bloc.
According to the World Bank (2009), poverty headcount ratio at national
poverty line (US$ 1.4 per capita per day) is 47% of the population. Of the eight
million inhabitants, 73% live in rural areas (World Bank, 2014a; 2014b).

The collapse of the Soviet Union affected all levels of society in the Tajik
Pamirs, as the external supply of resources, goods and services ended abruptly
(Herbers, 2001; Nijozmamadov, 2005). The situation became more tragic by the
inflow of 55,000 refugees into GBAO during the subsequent civil war (Droux
and Hoeck, 2005). Humanitarian aid was provided by international
organizations in order to prevent a humanitarian disaster in the region (Breu
and Hurni, 2003). Farming and livestock breeding are the main occupations of
the local population. In spite of many rivers and rivulets, people struggle to
bring sufficient water to the agricultural land due to a lack of appropriate
techniques.



5.3 Energy sources and use

During the Soviet time, Tajikistan relied on local energy but also greatly on
imports of electricity (natural gas and coal). Especially in winter, as domestic
energy demand was high, Tajikistan imported electricity from Turkmenistan
and Uzbekistan, natural gas from Uzbekistan and Turkmenistan, and coal
mostly from the Kyrgyz Republic. Since the collapse of the Soviet Union, and
during the civil war, the energy supply network collapsed. It recovered partly in
the early 2000s, coinciding, however, with significant increases in prices,
affecting in particular low income households (World Bank, 2014c).

Disputes (over sharing of water resources) led to the deterioration of
political relations with Uzbekistan, resulting in a permanent termination of
imports of gas and electricity from Uzbekistan in 2012. Currently gas is
imported from Kazakhstan. Coal, originating from within Tajikistan (partly also
imported from Kyrgyz Republic) still reaches rural areas and small towns. The
prices vary widely due to differences in transportation costs and seasonal
availability. Firewood, animal dung, and cotton stalks are available locally and
widely used in order to supplement coal in winter (World Bank, 2014c).

Increased prices of energy sources and their influence on the households’
expenditure are alarming. In rural areas, households spend on average around
10-15% of their total consumption on energy, while a fifth of the population
spends 19-24% during the heating season. This is much more than the 10%
‘energy poverty’ marks according to the World Bank (2014).

Energy use is extremely diverse. It differs between cities and rural areas,
provinces, household income levels and seasons (for full analysis see World
Bank, 2014c). For example, urban apartments use electricity for all needs, while
in rural areas energy consumption is covered largely by firewood, dung, and
coal. In GBAO's rural areas in particular, firewood and animal dung play an
important role (World Bank, 2014c). Thus, a general estimation of energy
consumption seems to be challenging. Although prices of energy sources can
also vary strongly, some averages can be calculated (Table 2).



Table 2 Average energy sources prices in Tajikistan (World Bank, 2014c; Asia-plus, 2015)

Energy source Unit Average price

Electricity kWh TJS 0.13 (US$ 0.02) for residents
TJS 0.31 (US$ 0.06) for enterprises

Firewood bundle TJS10 - 15 (US$ 2.1 - 3.15)
Animal dung kg not available
Coal kg TJS 1.40 (US$ 0.3)
Gas Kg TJS 5 (US$ 1.05)

5.4 Forest resources and their governance

Due to the lack of forest inventories in the last 30 years, no reliable data on
forest cover is available. According to the Global Forest Resources Assessment
estimates (2010), the State Forest Fund encompasses 1.8 million ha (around 12%
of Tajikistan’s territory), out of which approximately 410,000 ha (around 3% of
total area) are actually covered by forests. Other sources estimated that due to
the ongoing human-induced degradation, less than 2% of the total area is
covered by forests (Kirchhoff and Fabian, 2010).

Forest resources of Tajikistan provide manifold important ecosystem
goods (e.g. wood, nuts) and services (e.g. water filtration, erosion prevention)
and are a crucial hotspot of biodiversity in the region. Approximately 200
different species of trees and shrubs can be found, including rare and
endangered species in the forests (Kirchhoff and Fabian, 2010). The most
widespread types of forests in Tajikistan are coniferous forests (juniperus),
broadleaved  forests (mesophilous), small-leaved  mountain  forests
(microthermous), light forests (Xerophilous), and Tugai forests (Novikov and
Safarov, 2003; Kirchhoff and Fabian, 2010).

Coniferous forests occupy the largest area compared to other types of
forests in Tajikistan. They are dominated by conifer species such as Juniperus
sibirica, |. turkestanica, |. Seravschanica, |. semiglobosa, and ]. schugnanica. Juniper
forests grow on altitudes from 2,500 (Ahmadov, 2005) to 3,700 masl with an
average wood volume of 10 to 120 m3/ha. Junipers play a very important role in
decreasing landslide risk and water regulation on steep slopes (Novikov and
Safarov, 2003).



Broad-leaf forests are located at altitudes from 1,200 to 2,500 masl and
consist mainly of Juglans regia, Malus sp., Acer regeli, A. turkestanicus and Platanus
orientalis. Broad-leaf forests are rich in biodiversity. More than 40 species of
mammals, 200 species of birds and 10 species of reptiles inhabit these forests,
and the average wood volume is estimated to be at 90 m3/ha (Novikov and
Safarov, 2003).

Small-leaved forests in the research area (also known as riparian forests or
floodplain forests) are found in the floodplains of the river banks in higher
elevations from 1,500 masl (Akhmadov, 2008; Kirchhoff and Fabian, 2010) to
approximately 3000 masl (Figure 5). The average wood volume of small-leaved
forests is about 60-150 m? per hectare (Novikov and Safarov, 2003). The main
species growing in these forests are willow (Salix turanica, Salix shugnanica, Salix
wilhelmsiana and Salix babylonica), poplar (Populus pyramydalis and Populus
pamirica), tamarix (Tamarix), barberries (Berberis vulgaris), wild rose (Rosa canina)
and sea-buckthorn (Hippophae rhamnoides).

Figure 5 Riparian forests in the Western Pamirs, Ishkashim district. Photos:
Mislimshoeva, 2013.

Xerophytic light forests are known as Shibliak. Theyare characterized by
communities of deciduous trees and shrubs. The Shibliak canopies in Tajikistan
are dominated by the species Amygdalus bucharica, Pistacia vera, Calophaca
grandiflora, Cercis Griffithii, Rhus coriaria, Zizyphus jujuba and others (Ahmadov,
2008). These forests are spread at elevations from 600 to 1,700 masl. Average
wood volume of shibliak forests is 3-12 m3/ha. Average pistachio productivity
makes up 70-300 kg/ha (Novikov and Safarov, 2003). According to the Tajik-
Pamirs expedition held in 1932, the area of light forests was estimated at 170
thousand hectares, which at present decreased to 80-90 thousand hectares.

Tugai forests consist of poplar Populus pruinosa, oleaster Elaeagnus oxycarpa
and tamarisk Tamarix laxa. They are usually combined with reed grass, liana,
bulrush and other plant species. Tugai forests grow in the flooded lowlands of



Tajikistan alongside riverbanks and islands at elevations from 300 to 600 masl.
(Novikov and Safarov, 2003). In the nineteenth century tugai forest covered
roughlyone million hectares in Tajikistan. Due to conversion to agricultural land
and cotton fields, the area of tugai has been reduced to around 120,000 ha, which
means that almost 90% has been lost over the past 100 years (Ahmadov, 2008).

Almost all forests in Tajikistan belong to the state, forming the State Forest
Fund, which is managed by the Forestry Agency (FA) under the Government of
the Republic of Tajikistan. An extremely small share is owned by communities
and private legal persons. According to the Forest Code of Tajikistan (2011), the
state forests are conserved and utilized for a set of ecosystem goods and services
(such as non-timber forest products, fuelwood). Conservation and utilization of
forest resources is implemented through two main management approaches -
Soviet system (permanent foresters) and the Joint Forest Management (JFM)
approach (local population involvement; a full description of JFM can be found
in Mislimshoeva et al., 2013).



6. Main results summary

In order to quantify forest firewood supply and demand, understanding the
energy consumption patterns is essential, because households” firewood usage
is linked to the availability of other energy sources. The first paper focuses on
the quantification of household energy consumption and improving the overall
understanding thereof by assessing total firewood consumption and its
influencing factors. Quantification of total firewood in the first paper serves as a
basis for the second paper. In the second paper, forest firewood consumption is
extracted from the overall amount and related to the supply from forests. In this
paper the main focus is put on forest use as a source of firewood. Forest biomass
in turn is estimated in the third paper, and closely related to the second paper.
The fourth paper not only focuses on forest firewood management, but captures
a broader picture of opportunities and challenges of forest governance in
Tajikistan and the enhancement of forest ecosystem services.

6.1 Paper1

Factors influencing households' firewood consumption in the Western Pamirs,
Tajikistan

Background: With a growing population, the increasing demand for energy
puts high pressure on natural resources, especially in high mountainous regions
in developing countries, where other energy sources are limited. Due to the
historical background, the energy situation in the mountainous regions of
Tajikistan is of special interest. At the end of June 1920, the Soviet system was
affirmed in the Tajik Pamirs. The Central Committee of the Communist Party of
the Soviet Union declared the Gorno Badakhshan Autonomous Oblast (the Tajik
Pamirs) as a part of Tajik Autonomous Soviet Socialist Republic in 1925
(Iskandarov, 2008). The isolation of the region and the transportation
represented the main challenges. Thus, between 1932 and 1940, the roads
Dushanbe - Khorog and Khorog - Osh were opened, which made it possible to
import goods (oil, gas, coal, and kerosene) into the region (Zibung, 2003;
Muhabbatov and Khonaliev, 2005). Small-scale household agriculture was
replaced by massive industrial production via collectivization and
mechanization (Kassam, 2009). The external supply abruptly stopped in 1991
after the collapse of the Soviet Union, which severely affected the Tajik Pamirs
(Herbers, 2001; Nijozmamadov, 2005). During the subsequent civil war (1992-
97), the situation was aggravated by the inflow of 55,000 refugees into the
region (Droux and Hoeck, 2005). Aid had to be provided by international
organizations in order to prevent a humanitarian disaster (Breu and Hurni,
2003). Absence of energy supply led to an enormous rise in demand for



tirewood and animal dung for cooking and heating - a demand which has
subsisted until today. Despite the importance of different energy sources in the
daily lives of people in the Western Pamirs, very few empirical studies on
energy consumption are available (see Hoeck et al., 2007). Furthermore,
quantification of firewood use is lacking and no attempts have been made to
quantify the association between firewood consumption and influencing factors.

Aim: The aim was to gain understanding of the extent and patterns of
household energy consumption, especially firewood and and the factors
influencing its usage.

Location: Tajikistan, Gorno Badakhshan, Ishkashim district.
Spatial and temporal scales: eight case studies, winter 2011-12.

Methods and data: Eight villages were selected as case studies in Ishkashim
district of the Western Pamirs based on the number of households, available
energy sources and duration of heating season. Nearly 40% of the total
households in the village were selected for interviews using simple random
sampling method. Questionnaire-based interviews were conducted in 170
households to collect information on demographic and socioeconomic
characteristics, property, house and heating infrastructure, and energy use.
Different energy units (of firewood, animal dung, electricity and coal) were
converted to megajoules (MJ]) for direct comparison. As the number of
independent variables was very high, LASSO regression was used in order to
select the most influential variables on firewood consumption (Friedman et al.,
2010; 2012). All variables that were non-influential were removed from the
analysis and the effect coefficients of the remaining variables were estimated by
ordinary least-squares regression and validated by a 10-fold cross-validation.

Results: The results show that households used an average of 9095 MJ of animal
dung energy, 5329 MJ of firewood energy, 911 MJ electricity and 187 MJ coal
energy per month during winter. Average total annual energy consumption
was 86 gigajoules (GJ) per household and 17 G] per person. As energy
consumption is very site specific, it is challenging to directly compare these
findings with those of other studies. Nevertheless, similar energy consumption
patterns can be observed in other comparable regions (for example, see Samant
et al., 2000; Bhatt and Sachan, 2004; Hoeck et al., 2007; SEEDS, 2008; Sharma et
al., 2009; Singh et al., 2010; Démurger and Fournier, 2011; Rehnus et al., 2013).
Firewood consumption was positively related to elevation, size of a household’s
private garden and total hours of heating,but negatively related to education
level and access to a reliable supply of electricity. Other studies in other regions



have explored different relationships between firewood consumption and
factors such as income, family size, number of heated rooms, price of firewood
and climate (Kennes et al., 1984; Dunkerley et al., 1990; Mahapatra and Mitchell
1999; Bhatt and Sachan, 2004; Johnson and Bryden, 2012; Onoja, 2012; San et al.,
2012; Song et al., 2012; Rehnus et al., 2013).

Main conclusions: Findings from this study concluded that rural villages in the
Western Pamirs depend heavily on animal dung and firewood for winter
heating. Elevation, size of a household’s private garden and total hours of
heating are positively influencing firewood consumption, while education level
and access to a reliable supply of electricity showed a negative influence.

6.2 Paper 2

Forest firewood availability and usage: the case of western Pamirs, Tajikistan

Background: Firewood is one of the most important provisioning services of
forests, especially in developing countries (Kersten et al., 1998; Mahapatra and
Mitchell, 1999; Okello et al., 2001; Arnold and Persson, 2003; Angelsen and
Wunder, 2003; Arnold et al., 2006). On regional and global scales, some broadly
aggregated information is available. However, at the national and local scales,
firewood consumption is unknown in many countries for various reasons (e.g.
lack of funding). In the former Soviet republics of developing countries,
quantification of forest firewood availability and usage is of particular interest.
In Soviet times, there was almost no demand for forest firewood, while its
availability and usage were well documented. However, after the collapse of the
Soviet Union, the dependency on local energy sources increased enormously,
yet, the monitoring of firewood availability and usage have become very weak.

Aim: This study aimed to analyze the relationship between forest firewood
availability and usage at the local scale.

Location: Tajikistan, Gorno Badakhshan, Ishkashim district.
Spatial and temporal scales: five case studies; annual average data.

Methods and data: The research framework of this study is adapted from
Serna-Chavez et al., (2014) for illustrating the flow of forest firewood
availability and usage. Forest biomass Mean Annual Increment (MAI) values
were derived from literature (Novikov and Safarov, 2002; Kirchhoff, 2009), and
two scenarios were used in the analysis. Forest firewood consumption data



were derived from Mislimshoeva et al. (2014) for the case study areas. The
budget between forest firewood availability and usage was bootstrapped (Efron
and Tibshirani, 1993; Field et al., 2012) in order to estimate the standard error of
the estimations.

Results: The main result of this paper showed that the budget between forest
firewood availability and usage in most of the case studies turned out to be
positive, which leads to the conclusion that unsustainable forest use may not
occur in the research area. This, however, needs to be interpreted with caution
for two major reasons: a) data on illegal forest firewood extraction and livestock
pressure on forests are missing in the analysis; b) the households” firewood
usage data used for this study contains some uncertainties (discussed chapter
9).

Main conclusions: There was high variability of woody biomass increment
among forest plots and the firewood consumption among villages. Forest
tirewood supply and demand seems to be balanced in most of the case study
areas, which needs to be interpreted with caution (e.g. for forest management
decision making) due to reasons mentioned above.

6.3 Paper 3

Woody biomass estimation in semi-arid high mountainous region using high-
resolution red edge and texture satellite features

Background: Remote sensing based biomass quantification in sparsely
vegetated semi-arid to arid regions is often limited when relying only on
conventional vegetation indices (VIs) such as the NDVI. Given the availability
of high-resolution satellite data in combination with multi- or hyperspectral
information, different techniques and sensors have been tested to tackle this
issue. When synthesizing suggestions, the use of red edge band and texture
attributes retrieved from high-resolution satellite data is often mentioned as
improvement in this context. However, clear recommendations on the
suitability of specific sensors and indices for woody biomass estimation in
drylands is still lacking.

Aim: The main objective of this study is to improve the understanding of the
interrelationship between multispectral high-resolution satellite data and
ground-measured woody biomass information in semi-arid ecosystems.

Location: Tajikistan, Gorno Badakhshan, Ishkashim district.



Spatial and temporal scales: seven forest plots, 2013.

Methods and data: The methodological approach comprised three steps
including: (1) Non-destructive ground-measured woody biomass information
from 95 sampling transects distributed over seven forest plots was obtained to
derive woody biomass volume of individual trees and shrubs; (2) high-
resolution RapidEye satellite images covering the research area were processed
and various indices with a special focus on red edge indices and texture
measures were calculated; (3) ground and satellite based data sources were
linked to find a correlation and woody biomass volume was spatially predicted
for sampled forest stands. LASSO and Random forest were used as predictive
model, and their performance was estimated based on spatial cross-validation,
Pearson and Spearman’s correlations and Root Mean Square Error (RMSE).

Results: The general predictive performance of the biomass model was rather
low. The best model showed some predictive skills with correlations of 0.51, for
LASSO, and 0.50, for RF, between measured values and predictions on cross-
validated test sets at the logarithmic scales. Nonetheless, it was demonstrated
that red edge indices and texture attributes improve the model results for
woody biomass estimation in the semi-arid research region in comparison to
focusing only on conventional broadband VIs.

Main conclusions: The research further improved the understanding of
estimating woody biomass in semi-arid to arid environments using red edge
and texture attributes retrieved from high-resolution satellite data. Still, as the
achieved model performance highlights, biomass mapping in these
environments is subject to substantial uncertainties. As main outlook, it is
suggested to focus stronger on hyperspectral data to achieve better
performances.

6.4 Paper 4

Current pathways towards good forest governance for ecosystem services in the
former Soviet republic Tajikistan

Background: Forest ecosystems play an important role in the life of 50 million
indigenous people and around 1.5 billion people depend on these resources for
their livelihood (FAO, 2010). Thus, the sustainable management of these
resources is crucial, but at the same time a challenging task for stakeholders
(Rishi, 2007). Innovative participatory approaches have evolved and the impact
of governance on the state of the forests has become more evident. It is now
broadly accepted that the state of forest ecosystems and the services they



provide is largely dependent on the chosen governance (Ostrom, 1999; FAO,
2010). Good forest governance consequently leads to sustainable forest
management. However, because ‘good forest governance” has no internationally
agreed definition, of the definition used in this study is: a network of
institutions wherein the interaction of transparent legal frameworks,
decentralized decision-making and implementation is assumed to lead to the
enhancement of ES of forests over time. This definition has been conceptualized
and applied in Tajikistan’s context as a case study region. Due to the history
until the 1990s, “the socialistic state was the only owner of all forests” (Mukhin
and Kryvda, 1976, p. 7) in Tajikistan. Today, the forest sector of the country
needs to cope with a slow transition to market oriented, decentralized and
participatory forestry.

Aims: In the context of transition, this study aimed to gain a broader
understanding of the current state of the forest sector in Tajikistan. This
included the complexity of the institutional setting at different administrative
levels and the key challenges to achieve good forest governance. Furthermore,
the aim was to give policy-relevant recommendations in order to overcome the
key challenges. Additionally, the importance of forest ecosystem services was
analyzed and their potential contribution to the sector’s development was
underlined.

Location: Tajikistan
Spatial and temporal scales: national level, 2014

Methods and data: For achieving the objectives of this research, a research
framework was developed in order to link the good governance framework
with the ES concept. The aim to link these concepts is that state forests, and
consequently the provided services, are dependent on the form of governance
chosen and vice versa. For the application of the research framework, the forest
sector of Tajikistan was selected as a case study. 20 in-depth interviews were
conducted with different stakeholders to collect quantitative and qualitative
data of the forest sector. The main parts of the interviews were based on the
good forest governance principles (legal frameworks, decision-making and
implementation enforcement) and the importance of selected ES (food,
fuelwood, wood, medical plants, erosion prevention, pollination, habitats for
species, aesthetic values, tourism).

Results: The forest sector of Tajikistan established a set of institutions as a first
step towards good forest governance. As for good forest governance principles,
the legal frameworks of the forest sector are confronted with conflicting and



overlapping laws and weak tenure regulation. Decision-making remains to a
large extent central and there is a lack of capacity to engage stakeholders. The
implementation enforcement lacks information technology, management plans
and adequate capacity by foresters to oversee their assigned areas. Furthermore,
relatively low salaries at all levels and weak cooperation to promote good forest
governance are further barriers to be overcome. While the impact of forest
governance on ES remains unclear (due to the lack of data), the results show
that provisioning services can potentially contribute to the financial
development of the sector.

Main conclusions: it is important to highlight two key issues — one relating to
methods, the other relating the relevance of the study results. The proposed
good forest governance definition of this study which is then integrated into
practice-oriented conceptual framework can provides a structure for empirical
analysis across administrative scales. Given the post-Soviet background, not
only in Tajikistan, good institutional network and setting seems to be a first step
towards good forest governance. Yet, several challenges remain in establishing
sound legal frameworks, decision-making transparency, and implementation
enforcement. Most of the challenges of the current forest sector are finance-
dependent. ES could potentially contribute to financial stability through
establishing markets for forest provisioning services.
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Firewood is a major energy
source, especially in many
high mountainous regions
° in developing countries
where other energy
sources are limited. In the
mountainous regions of
Tajikistan, current energy
consumption is limited
owing to geographic
isolation and numerous challenges—including in the energy
sector—that emerged after the collapse of the Soviet Union
and Tajikistan’s independence. The sudden disruption of
external supplies of energy forced people to rely on locally
available but scarce biomass resources, such as firewood and
animal dung. We conducted an empirical study to gain an

Introduction

In the past few decades, increasing consumption levels
have led to more pressure on natural resources worldwide
(Tilman et al 2001; Arrow et al 2004; Imhoff et al 2004;
Godfray et al 2010; Liu et al 2010; Zhen et al 2011). The
demand for energy is partly met by firewood, which is a
primary energy source in many developing countries
(Kennes et al 1984; Hosier and Kipondya 1993; Bhatt et al
1994; Tabuti et al 2003; Chen et al 2006; Khuman et al
2011; San et al 2012; Rehnus et al 2013). This is
particularly critical in mountainous regions, where
limited energy sources lead to high pressure on scarce
natural resources.

In the mountainous areas of Gorno Badakhshan
Autonomous Oblast in Tajikistan (also known as the Tajik
Pamirs), the high demand for energy is believed to be one
of the main reasons for natural resource degradation
(Breu and Hurni 2003; Hoeck et al 2007; Kirchhoff 2010).
Here, winter lasts up to 6 months, during which local
people heat their homes all day because of very low

Vol 34 No 2 May 2014: 147-156
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understanding of current household energy consumption in
the Western Pamirs of Tajikistan and the factors that
influence firewood consumption. For this purpose, we
interviewed members of 170 households in 8 villages. We
found that, on average, households consumed 355 kg of
firewood, 253 kWh of electricity, 760 kg of dung, and 6 kg of
coal per month in the winter of 2011-2012. Elevation, size of
a household’s private garden, and total hours of heating had
a positive relationship with firewood consumption, and
education level and access to a reliable supply of electricity
showed a negative relationship.

Keywords: Energy; firewood consumption; dung;
mountainous regions; Tajikistan.

Peer-reviewed: March 2014 Accepted: April 2014

temperatures. The unique history of Tajikistan during
and after the Soviet era also shaped the current energy
situation. During the Soviet period in Gorno Badakhshan,
local homes and office buildings were supplied with a
large quantity of highly subsidized fuel, including coal,
kerosene, diesel, oil, and gas (Breu and Hurni 2003; Hoeck
et al 2007; Mislimshoeva et al 2013). This external supply
abruptly stopped after the Soviet Union dissolved and
Tajikistan gained independence in 1991.

The transition away from a subsidized energy system
has had massive consequences for the availability,
quantity, and quality of energy. The current energy
situation forces reliance on scarce locally available
resources. In many villages, firewood and animal dung are
the main source of energy for cooking and heating (Breu
and Hurni 2003; Hoeck et al 2007). Energy scarcity also
influences trade-offs between ecosystem services such as
energy and food. For example, in Gorno Badakshan, the
quality of agricultural products is reduced because the
demand for dung for heating is high, leaving less available
for farming.
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FIGURE 1 Map of the study area with study site locations and elevations. (Map by first author;
digital elevation model by NASA LP DAAC 2013; country border line by APRS 2013)
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Despite the importance of firewood in the daily lives
of people in the Western Pamirs, very few empirical
studies of firewood consumption exist (see Hoeck et al
2007), and official data on forests and other woody
vegetation are lacking. Furthermore, no attempts have
been made to quantify the association between firewood
consumption and factors that influence it. This empirical
study was carried out to gain an understanding of the
extent and patterns of household consumption of
firewood and other sources of energy in the Ishkashim
District in the Western Pamirs and the factors influencing
it. This understanding is crucial for sustainable
management of energy sources not only in the Western
Pamirs but also in other regions of the world with similar
historical background or biophysical conditions.

Methodology

Research area

The Western Pamirs are rocky, high mountains with an
elevation range of 2200-7500 masl (Figure 1). The
topography features fast-flowing glacier-fed rivers in
deeply incised valleys. The high elevation has a direct
impact on the climate of the region. The Western Pamirs
are characterized by low temperatures, lack of large
surface water bodies, dry air, and moderate diversity of
microclimatic conditions. High mountain ranges in the
north and south form a natural barrier against the flow of
moist air, thus creating a continental climate. Maximum
temperatures occur in July and are on average between 18
and 20°C. Minimum temperatures typically occur in
January and are on average between —8 and —2°C. The
average annual rainfall is 100-300 mm, mostly occurring
from December to April (Miehe et al 2001; Breckle and
Wucherer 2006).
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The district of Ishkashim was selected as the study site
(Figure 1). According to data obtained from the district
administration, about 25,000 people live in the district,
dispersed among 47 villages. The number of households per
village ranges from 15 to 260. Farming and livestock
breeding are the main sources of livelihood; some
households are also involved in forestry. In total, district
residents own about 12,000 large and 47,000 small livestock
animals. Total surface area of the district is 350,000 ha,
including around 21,000 ha of agricultural land (arable and
rainfed lands, where summer crops are cultivated) and
11,000 ha of pastures for livestock grazing. Roughly 2300 ha
are designated as forest; of this, only about 1800 ha are
actually covered by forest. The other 500 ha are currently
bare soil; a few decades ago, this was also a forested area.
The total area of gardens (a piece of private land owned by a
household, where trees and hay are grown) in the district is
290 ha (IDA 2013; SFA 2013). Although total garden area is
small, each household maintains a private garden in which
hay, fruit and nonfruit trees, and vegetables are grown.

Firewood and dung are the main heating fuels.
Firewood is extracted from private gardens; gorges and
roadsides; and state, community, and private forests.
Almost all households have livestock and thus have dung
available. Our 2013 field observations showed that trade-
offs are taking place between firewood and dung
provision. As there is not enough precipitation, many
forest plots are additionally irrigated, and there is not
always enough water to irrigate both forests and
agricultural land. As agricultural products are required
for daily life, people give priority to irrigating agricultural
land. In the case of dung, the trade-off is between its use
as fuel and fertilizer. In that case, local people give
priority to its use as fuel; the resulting lack of fertilizer
potentially reduces crop yield and quality.

http://dx.doi.org/10.1659,/MRD-JOURNAL-D-13-00113.1



TABLE 1 Case study villages and sample sizes.
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holds Households Surveyed households as %
llage surveyed of total households
58 23 40

T
Village in vi
m 36°79'N, 71°99'E
m 37°22'N, 71°48'E 41
_ 37°00'N, 72°49'E 58
m 36°03'N, 72°65'E 98
36°67'N, 72°74'E 41
36°09'N, 71°45'E 56
m 36°83'N, 71°55'E 41
37°00'N, 72°49'E 57

In some villages, especially those closer to Khorog (the
capital of Gorno Badakhshan), energy demand for
cooking is partly met by electricity. A very small amount
of coal reaches the more remote villages but is often
expensive and of poor quality.

Site selection, data collection, and analysis

The fieldwork was carried out in February and March
2013 to coincide with the heating season and observe the
use of different energy sources. Before selecting the study
villages, semistructured interviews were conducted with
the official heads of all 7 jamoats (subdistricts) in
Ishkashim District. The jamoats have an average of 6
villages each. During the interviews, information was
collected on the number of inhabitants, number of
households, migration rate, livestock numbers, main
source of energy in summer and winter, and duration of
the heating season. Based on this information, 3 criteria
were developed for selecting study villages:

[—

. Number of households in the village: Although this
number ranges widely in Ishkashim District (from 14
to 365), medium-size villages were selected with a
similar number of households to balance the total
number of visited villages and the total number of
interviews.

Energy use: Villages that used a variety of energy
sources and types were selected.

Duration of heating season: Villages with different
heating season lengths (from 4 to 6 months, depending
on the elevation) were chosen, again to ensure variety.

o

o

In total, 8 case study villages were selected in the 7
jamoats. Next, a list of households was obtained from the
village leader in each village. Nearly 40% of the total
households in the village were selected for interviews
using simple random sampling. Table 1 and Figure 1 give
an overview of the villages and the number of interviews.

h and D

Total 450

16 40
23 40
32 33
16 40
21 38
16 40
23 40
170 38

All interviews were based on a questionnaire
administered at the household level; the questionnaire
took approximately 35 minutes to complete and had 5
sections:

1. Demographic and socioeconomic characteristics:
number of household members, age, education, occu-
pation, and monthly income amount and source;

2. Property: size of the private garden, including private
forest (a piece of forest that is owned by a household),
size of agricultural land, number of small and large
livestock, and source of fodder;

3. House and heating infrastructure: type and size of the
room(s), type of stove, number of heating hours per
day in winter, heating season duration, and availability
of electricity;

4. Energy: types of energy used, sources, quantity,
purpose, and price;

5. Firewood: sources, collection methods, and species.

Most families spend the winter in a single room to save
heating costs. Houses have mainly two types of rooms: (1)
a traditional Pamiri room with a large space, relatively
high ceilings, two windows to the outside, and a skylight;
and (2) a small room with low ceilings and usually one
window to the outside. Almost all interviews were
conducted in such rooms.

The interviewees were not necessarily the heads of the
families but, rather, those who were usually responsible
for lighting and maintaining the fire and cooking.
Interviewees included men and women. During the
interviews, the unit of measure was the one used locally: a
bag. Interviewees were shown a bag of 50 X 100 c¢m, and
they estimated the number of bags of firewood and dung
used per day. These quantities was multiplied by 30 to get
a monthly value. Electricity was measured in kilowatt
hour (kWh), by dividing the average amount of money
paid for electricity per month by the price for 1 kWh of

http://dx.doi.org/10.1659/MRD-JOURNAL-D-13-00113.1



electricity, which was TJS0.13 (US$0.6). Coal was measured
in kilograms per month. Units were later converted to
megajoules (M]) for direct comparison of energy amounts,
as shown below (Equations 1 to 4; conversion sources:
Hoeck et al 2007; GIZ 2011; FAO 2013).

xbags/day * 30 days
16 bags/m? (1)

% 150 kg/m® * 156MJ kg

firewood[M]] =

dung[M]| =x bags/day * 30 days * 20kg/bag =« 12M]/kg  (2)
electricity{MJ] =xkWh 3.6 M] /kWh (3)

coal[M]] =xkg * 28 MJ / kg (4)

The data were analyzed using the statistical software R
(version 3.0.0; R Core Team 2014). Given the nature of
interview data, a basic linear model was used, including
only main effects and no interactions. As the data set
consisted of 170 data points and 51 potentially influential
variables, a variable selection had to be done in the linear
regression. The variable selection was done using LASSO
(R-package “glmnet,” Friedman et al 2010; 2012), which is
a straightforward method based on penalized regression.
It is suitable for large numbers of potentially influential
variables and not limited to any critical assumptions like
the normal distribution (see Hastie et al 2009 for details).
All variables that were noninfluential according to the
LASSO estimate were removed, and the effect coefficients
of the remaining variables were estimated by ordinary
least-squares regression. The resulting regression model
was validated by a 10-fold cross-validation, which also
considered the prior variable selection.

Results

Demographic and socioeconomic features
The study villages contained 6 people per household on
average. Several households had as many as 17 family
members and some as few as 2 or 3. The following age
categories were used in this study: younger than 3 years
(babies), 3-6 years old (small children), 7-17 years old
(schoolchildren), 18-25 years old (young adults), 26—
40 years old (adults I), 41-55 years old (adults II), and
older than 56 years (older adults). The greatest number of
household members were in the 7-17 years old group,
followed by the 26-40 years old group; the 18-25 years old
group was much smaller than either of these (Table 2).
Three occupational categories were used: unemployed
(children and other family members without a cash
income), employed (state employees with low but regular
wages, persons with small-scale enterprises with regular
income, and self-employed people with seasonal income,

h and D«
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and retired (pensioners with relatively low incomes;
retirement age is 63 for men and 58 for women in
Tajikistan) (Falkingham et al 2009).

Most (75%) of the household members were in the
unemployed category (children were included in this
group as they did not have any income that could
influence firewood consumption). Of the remainder, 10%
were retired and 15% were employed.

Education levels were categorized as follows: school
level (9-11 years of education at a primary and secondary
school), education level I (3-4 years of vocational and
technical education), and education level II (>5 years of
higher university education). For the statistical analysis,
the family member who completed the highest education
level was chosen. It was assumed that education might
influence energy consumption level, for example, through
use of energy-efficient technology. Of the 170 households,
55% had at least one member with a level I education,
25% had a member with a level II education, and 20% had
a member with school-level education.

Monthly household cash income included salaries,
remittances from family members working in Russia, and
income from trade. For this study household cash income
was categorized as low (less than TJS200 or US$42),
medium (TJS201-500 or US$42-104), or high (more than
TJS501 or US$104). Most households (54%) were in the
middle-income category; the rest were almost evenly
divided between the high and low categories. Income in
the study area is relatively low. Per capita per month
income is around TJS100 (US$20), which is below the
national poverty line of TJS139 (US$42) per capita per
month (World Bank 2009).

Energy consumption

Households use a combination of different energy
sources. Out of these different sources, in all villages dung
was the most commonly used, followed by firewood
(Figure 2). Households used an average of 9095 MJ of
energy from dung and 5329 MJ of energy from firewood
per month during winter. Because of the low quality or
irregular supply of electricity and the lack of coal, these 2
sources of energy were used the least. On average,
households used 911 M]J electricity and 187 MJ coal.
Average total annual energy consumption is 86 gigajoules
(G]) per household and 17 GJ per person. Energy
consumption varies along the altitudinal gradient

(Table 3). It also differs considerably depending on the
heating and nonheating season (Table 4).

Dung and firewood were mainly used for heating and
cooking, and electricity was mostly used for lighting and
sometimes for cooking and boiling water. Heating devices
in 97% of the interviewed households were the same—a
typical, locally made stove with a bake-oven (Figure 3).
Only 2 houses were insulated and had improved stoves for
heating and cooking.

http://dx.doi.org/10.1659,/MRD-JOURNAL-D-13-00113.1



TABLE 2 Demographic and socioeconomic characteristics of the respondents.

Category
(By person; N = 1012)

Age (years) <3
3-6
7-17
18-25
26-40
41-55
56 or older
Retired
Unemployed

Employed

MountainResearch

By household (N = 170)

Education level School level (9-11 years)
Education level | (3—-4 years)
Education level Il (+ 5 years)

Monthly
income?

Low (=TJS200)
Medium (TJS201-500)
High (=TJS501)

Source of Local
income
Abroad
Both

aAUS$1 = TJS4.8 (National Bank of Tajikistan 2013).

To save energy, all household members live in the
same room during winter. Of the families participating in
the study, 66% spent winter in a traditional Pamiri room,
with an average size of 49 m®. These were mostly
households with more than 6 family members. The other
34% had a separate room with an average size of 24 m?, in
most cases specially built for winter but not necessarily
insulated. Given the harsh winter conditions, every
household heats the room during the day and typically
prepares warm meals 3 times a day. Heating hours per
month ranged from 120 to 480 with an average of 380.

Interview participants were also asked to rate their
satisfaction with the availability of different energy
sources (Table 5). Most were moderately or very satisfied
with dung availability. Each household owned, on average,
11 small and 3 large livestock animals and thus had dung
available. Households were only moderately satisfied with
the availability of firewood, which was not as universally
available. Satisfaction with electricity availability varied,;

151

97 10
254 25
cre) 10
200 20
176 17
134 13
104 10
758 79
150 15
35 20
92 555
43 25
38 22
92 54
40 24
95 56
14 8
61 36

those who were very satisfied were mostly those who
received electricity from the city of Khorog, and this
source was stronger and more reliable than the electricity
supplied by a local plant. Very few participants were
satisfied with the availability of coal.

The variety of firewood sources is summarized in
Figure 4. The biggest share came from private gardens,
which contained fruit trees and other woody vegetation
used as firewood; the average size was around 830 m?.
Unlike firewood from other sources, this wood has no
extra cost. The price of firewood is higher in villages
where it must be transported from far away. Only 5
households relied completely on purchased firewood for
the winter months, 93 households obtained their firewood
at no cost, and 72 households bought firewood from
different sources as well as extracting it from their private
gardens. On average, households pay T]JS29 (US$6) per
month for firewood in winter. The cost of a cubic meter
of firewood was around TJS50 (US$10).

51
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FIGURE 2 Use of different energy sources in the studied villages.
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The second most significant source of firewood was
state forest land, used mostly by villagers living near a
state forest. Local people either buy this firewood or
harvest it according to the Joint Forest Management
approach (see Mislimshoeva et al 2013 for details about
this approach). The third most common source was the
free firewood available in the mountains (mainly gorges),
along roadsides, and around fields. This option was
usually used by villages that have no forest area nearby,
such as Shambedeh and Dashti Andarob.

Factors influencing firewood consumption

Firewood consumption in the villages is positively
influenced by elevation, size of the household’s private
garden, and hours of heating in winter, and it is negatively
influenced by level of education and electricity received
from the city (Table 6; Figure 5). We found that elevation
correlates positively with heating hours per month and
firewood consumption, as winter tends to be colder and
lasts longer at high elevations. Education tended to play a
role in firewood consumption, and education level I
correlated positively with lower firewood consumption.
Firewood use also appeared to increase with the size of
the garden. Households that received electricity from

TABLE 3 Average energy consumption per household by elevation/heating season.

4 months 1100
5 months 1900
6 months 2700

h and D«
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Khorog, on the other hand, used less firewood than those
that did not.

Model validation

To estimate the prediction error, the widely used 10-fold
cross-validation method was chosen (Oslon and Delen
2008; Fushiki 2009; Hastie et al 2009). During cross-
validation, the estimation of the effect of the coefficients
and the prior variable selection by LASSO were taken
into consideration. The square root of the overall mean
squared prediction error in the cross-validation was
2500 MJ. As the standard deviation for firewood
consumption was about 3000 M], this showed that the
model explains a considerable part of the firewood
consumption patterns but that the variability of firewood
consumption is rather high. One reason for this relatively
high prediction error might be the fact that the amount
of firewood consumption was only estimated by the
interviewed households, and this incorporates an
additional random error that cannot be predicted. The
high variability can also be seen from the adjusted
coefficient of determination (equal to 0.35) and the
square root of the mean squared residuals (equal to
2300 M]J). However, the meaning of these values is limited,

3700 19 980
3900 17 1800
3500 70 1200
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TABLE 4 Average energy consumption per household for all elevations.

355 760 6 253
1840 3700 S5 1270
& 100 0 2300
1840 3800 35 3570
*Negligible amount (0.07 kg).
as they are not cross-validated and do not take into consumption patterns can be observed in other
account the prior variable selection. comparable regions (for example, see Samant et al 2000;
Bhatt and Sachan 2004; Hoeck et al 2007; SEEDS 2008;
Discussion Sharma et al 2009; Singh et al 2010; Démurger and
Fournier 2011; Rehnus et al 2013).
Factors influencing firewood consumption Many studies have explored the different relationships
As energy consumption is very heterogeneous, it is between firewood consumption and such factors as
challenging to directly compare these findings with those  income, family size, number of heated rooms, price of
of other studies. Nevertheless, similar energy firewood, and climate (Kennes et al 1984; Dunkerley et al

FIGURE 3 (A) Dung, one of the main energy sources; (B) a typical village stove with bake-oven. (Photos by Mislimshoeva, 2013)

A)
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TABLE 5 Level of satisfaction with the availability of energy sources.

Firewood 0 13
Electricity 1 62

167 1

1990; Mahapatra and Mitchell 1999; Bhatt and Sachan
2004; Johnson and Bryden 2012; Onoja 2012; San et al
2012; Song et al 2012; Rehnus et al 2013). These
interactions are dependent on biophysical conditions,
socioeconomic and ownership factors, and energy
availability.

Elevation plays a critical role in firewood
consumption. Whereas Khuman et al (2011) found a
decrease in firewood consumption with increasing
elevation, most studies have found that firewood
consumption increases with increasing elevation (Negi et
al 1999; Mustafa and Kaygusuz 2001; Ali and Benjaminsen
2004; Bhatt and Sachan 2004; Forster et al 2011). Our
results are consistent with the latter finding. At higher
elevations, not only is the heating season longer but also
on any given day households need more hours of heating
and thus consume more firewood.

More than half of the participating households had
members whose highest level of education was education
level I. This relates to the Soviet period (ending in 1991),
during which colleges for vocational education were the
most common places to receive an education beyond
school level. This in turn relates to the relatively small size
of the 18- to 25-year-old age bracket in the studied
villages, as there is an enormous labor migration by young

FIGURE 4 Firewood sources in winter. Each household extracted firewood from
more than one source.
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people to Russia due to the lack of job opportunities in
the villages. The correlation of firewood consumption
with education level I might indicate that households with
more educated members use less firewood, but we did not
see the same correlation with education level II. One
might assume that higher education levels would be
associated with a preference for energy-efficient
technology; however, almost all households participating
in the study used the same heating technology, and almost
no houses were insulated. Whether or not the awareness
of energy-efficient technologies is related to education
level needs to be investigated more explicitly (see an
example in Wiedemann et al 2012). Some researchers
have shown that education level was a factor influencing
firewood use in households in Cambodia and Nigeria
(Nnaji et al 2012; San et al 2012).

Household firewood consumption was also correlated
to the size of the household’s private garden. Private
gardens are the largest source of firewood (Figure 4) in
the study area; households with larger gardens are able to
plant more woody vegetation to meet their firewood
needs. This firewood is also free. Indeed, the availability
of energy sources influences the level of consumption.
However, this is not necessarily the case for all
households. Tree species, age, and productivity also play
an important role. Further research is needed on
extraction of firewood from private gardens.

Some of the study villages receive electricity from the
city Khorog and others from a local hydropower station.
During winter, electricity is available on alternating days,

TABLE 6 Ordinary least square coefficients.

Variable

Elevation® 5.69
Education level 1" —888
Size of private garden® 0.489
Electricity supplied from Khorog” —1200
Hours of heating per month in winter® 11.2
@Continuous variables.
P)Categorical variables.
54
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FIGURE 5 Influence of the continuous variables (elevation, size of private garden,
and heating hours per month in winter) on firewood consumption. To ensure

comparability among results, the scale of each variable ranges from the respective
10% to the respective 90% sample quantile. The coefficients are listed in Table 6.
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especially in those villages where electricity is provided
locally. The voltage of the locally provided electricity is so
low that in some places it is impossible to use for heating
and cooking, whereas the electricity provided from
Khorog is better. Households that receive electricity from
Khorog used less firewood than the others. Electricity did
not substitute fully for firewood; rather, it was used for
cooking and boiling water, which reduced the pressure on
firewood to a certain degree.

Methodological issues
Several limitations remain in this study and suggest
potential avenues for future research. First, there is a
need for more precise measurement of energy use at the
household level, particularly with respect to measuring
firewood and dung in the local unit of measure (the bag).
Though this seemed to be the easiest way for local people
to assess their energy use, it could still be improved, for
example, by combining it with other local units and
offering different illustrations during the interviews.
Nevertheless, this very simple approach to data collection
on firewood and dung consumption has great advantages
as it is low in cost and easy to apply in any region.
Second, there are some uncertainties associated with
the accuracy of the conversion of household-level
measurements of firewood and dung amounts. Some of
the conversions were based on other studies, thus
containing a certain degree of error.
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Third, the nature of the interview data, the limitations
of the relatively small sample size, and the high number of
(potentially) influential variables limit the application of
more complex models and more refined statistical
analysis.

Finally, it cannot be claimed that the winter of
2011-2012 is representative, as no long-term energy
consumption data are available to confirm this. However,
the heating season in the study region is usually relatively
constant, and thus the obtained quantities of energy
consumption give a valuable overview.

In spite of these limitations, this study clearly defines
the quantities of different sources of energy, patterns of
use, and their relationship with other independent factors.

Conclusions

Energy consumption patterns in the Tajik Pamirs are still
far from being fully understood. In particular, the
amounts of available energy sources remain unknown.
Further research is needed to study the origins of
firewood supplies, especially from private gardens and
forests. This will allow these sources to be linked to
demand in order to explain the wider context of firewood
consumption and its impact on land use and land cover.

Though energy consumption differs from village to
village, some general patterns can be observed. Findings
from this study suggest that in the mountainous areas of
the Tajik Pamirs, rural villages depend heavily on animal
dung and firewood for winter heating. This dependence
varies with elevation and availability of different types of
energy, such as electricity and firewood from private
gardens. At higher elevations, villages require more
energy, as the heating season lasts longer. These are also
the most remote villages; they have weak infrastructure,
and because of the harsh climatic conditions, there is less
biomass. Thus, sustainable energy production efforts such
as forestry should be considered.

The trade-offs between energy and food provision may
become more extreme as demand for both increases with
population growth. Therefore, development of
alternative energy sources (for example, small-scale solar
energy) is recommended, along with promotion of
energy-efficient technology (such as thermal insulation
and efficient stoves).
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Abstract

The effects of firewood extraction on forests’ conditions are generally not
well understood because firewood availability and usage is very site specific
and costly to measure. Forest firewood availability and usages in case of the
former Soviet republics, such as Tajikistan is of particular interest. In Soviet
times, the demand for forest firewood was relatively low, yet its availability
(and usage) were well recorded through inventories by the forestry agencies.
After the collapse of the Soviet Union, however, crises in the energy sector have
increased dependency on local energy sources (e.g. firewood) while monitoring
of firewood availability and usage have become very weak. In this study, we
analyze current firewood availability in the forest and its use in the domestic
energy sector of Ishkashim district in the Tajik Pamir Mountains. Forest
firewood Mean Annual Increment (MAI) was put in relation to households’
usage in the five forest sites and villages. The results show that overall, there is
a positive balance between forest firewood availability and usage which
suggests that firewood deficiency may not occur in the case study areas. This
however, needs to be interpreted with caution in practice, as local
heterogeneity plays in important role.

Keywords: forest biomass increment, villages, firewood availability and usage,
scenarios.



1. Introduction

Although research on ecosystem services has grown rapidly in recent years,
important aspects such as source of service provision, benefiting areas, and the
flow between them is explicitly addressed only in a few studies (e.g. Garcia-
Nieto et al., 2013; Serna-Chavez et al.,, 2014). To date there seems to be no
systematic approach to this issue and more research is needed to deliver
consistently described, policy-relevant outcomes (Scarlettt and Boyd, 2011; Villa
et al., 2012; Abson et al., 2014).

In the context of developing countries, one of the most important forest’s
provisioning services is firewood. Availability and usage of this service remains
subject of a heated debate. This is firstly due to the fact, that firewood
availability and usage is very site specific (Arnold and Persson, 2003; Arnold et
al., 2003; Masera et al., 2006; Ghilardi et al., 2009). To deal with this challenge,
studies considering the local energy heterogeneity have been carried out in
different regions. The results of these studies were then aggregated to explain
and interpret the firewood energy situation on a national level (Allen et al.,
1988; Top et al., 2004a; Top et al., 2004b; Masera et al., 2006; Devi et al., 2009;
Rehnus et al., 2013). For example, in developing countries more than two
billion people depend on wood for cooking and heating in their daily life (FAO,
2010). However, this is very broadly aggregated information at coarse scales,
and household firewood usage at local scales in different countries remains
largely unknown in many countries. Secondly, even though several developing
countries have established reliable assessments of national firewood
availability and usage (Arnold and Persson, 2003), the applied methodologies
remain very costly for others (Kituyi et al., 2001, Masera et al., 2006). Thus,
inconsistent and sometimes very poor records exist about forest firewood
production, while almost no research has been done outside of forests. For
example in some former Soviet Union countries last forestry inventory dates
back to the 80s or 90s of 20t century. Because of these two above-mentioned
reasons the impact of firewood extraction on forests” conditions is still not well
understood.

Quantifying firewood availability and usage in case of former Soviet
republics is of particular importance. During Soviet times, local people and
institutions were supplied with sufficient amounts of fuel such as coal and
diesel. Even though domestic demand for firewood was very low, its
availability and usage in the forest was well recorded by the forestry sector
agencies. After the collapse of the Soviet Union in 1991, lack of finance and
crisis in the energy sector increased local population’s dependence on local
energy sources. Hence, the demand for firewood has increased steadily, but
there is very little knowledge on sustainable firewood availability and usage.



One such country is Tajikistan, where only a few studies have been
conducted on domestic firewood consumption (Hoeck et al, 2007;
Mislimshoeva et al., 2014). In contrast, the quantification of production from
different sources remains largely unknown. After private gardens, forests are
the second biggest source of firewood in the domestic energy sector in rural
areas (Mislimshoeva et al., 2014).

Firewood availability and usage is particularly important for mountainous
areas of Tajikistan due to their remoteness, socio-economic conditions and
limited access to alternative energy sources. Understanding forest firewood
availability and usage patterns is crucial for sustainable forests management, as
it would allow allocating this scarce resource efficiently. Thus, the aim of this
study is to analyze forest firewood availability and usage in the domestic
energy sector in Ishkashim district. We expect that, overall there is forests
overuse through firewood extraction. We draw this assumption from own
long-term experience in the region and from existing literature which mostly
investigated this topic qualitatively (Breu and Hurni, 2003; Droux and Hoeck,
2004; Breckle and Wucherer, 2006; Hoeck et al.,, 2007; World Bank 2007;
Kirchhoff and Fabian, 2010; Ibele et al., 2012; Shigaeva et al., 2013). Further, we
adapt a quantitative framework for assessing spatial flows of ecosystem
services (Serna-Chavez et al., 2014) and analyze weather villages closer to the
forest utilize more firewood than those located farer away.

2. Material and methods
21 Study area
211 Geography and population

In Tajikistan 73% of the eight million inhabitants live in rural areas (World
Bank, 2014a; 2014b). Consequently, the largest portion of total firewood energy
demand is in these areas (UNDP, 2013). The research area, Ishkashim district, is
located in the western part of the Tajik Pamirs (also called Gorno-Badakshan
Autonomous Oblast) (Fig. 1). This area represents a typical remote
mountainous region, as people depend on local scares energy sources in
wintertime. The continental dry climate is shaped by high mountains with an
elevation spectrum of 2000 to 7500 meters above sea level (m asl). In
wintertime, minimum temperatures of -2°C to -8°C in the valleys typically
occur in January (Miehe et al, 2001; Breu and Hurni, 2003; Breckle and
Woucherer, 2006). Biomass production is severely limited in the region because
of the low precipitation and the harsh temperature regimes as well as the
vegetation period of 200-230 days per year (Droux and Hoeck, 2004).
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Fig. 1. Study area (Map by first author; digital elevation model by NASA LP DAAC,
2013; country border line by APRS, 2013)

There are 47 villages with approximately 25,000 inhabitants in the district,
with the number of households ranging from 15 to 260. Farming and livestock
breeding are the main occupations, and a few households are engaged in
forestry (for a more detailed description of the study area see Mislimshoeva et
al., 2014).

2.1.2 Energy usage

During Soviet Union times, energy sources such as coal, kerosene, diesel and
gas were highly subsidized (Herbers, 2001) in the Tajik Pamirs. Hydropower
was produced locally and provided even to the remotest areas of the region
(Breu and Hurni, 2003). Parallel to this reforestation and afforestation
campaigns were carried out, starting around 1940. After the seven years of civil
war that had followed the independence of Tajikistan in 1991, the constant
energy supply (mainly coal, gas, and fuel) had abruptly stopped. The resulting
pressure on scarce local resources, especially forests, increased dramatically as
local people and institutions lacked alternative sources of energy (Fig. 2).
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Fig. 2. In the absence of numeric data (especially the last 30 years), this figure presents
the schematic model of firewood availability and usage in Tajikistan since 1900. The
curves are estimations based on literature review, personal communication and
common knowledge. The sharp decline of firewood availability and increase of usage
took place during the years of civil war in the 1990s (adapted from Hoeck, et al. 2007).



Heating durations in the study region vary with altitude. In higher
altitudes (2800 m asl) households heat their homes for up to six months, while
at mid-altitudes (2650 m asl) and lower altitudes (2450m asl) the heating
duration drops to five and four months respectively. In the heating season,
dung and firewood are the main sources of energy. Dung is available in almost
every household (Mislimshoeva et al., 2014). Firewood is mainly extracted from
private gardens, forests, as well as gorges, roadsides and around agricultural
land (Table 1).

Table 1: Overview on different sources of firewood in the Western Pamirs

Source of firewood Description

Natural and These forests belong to the Forestry Agency (FA). Typically
planted state forest  they are managed by the FA without involvement of local
areas under Post- people. The FA employs one or two foresters in each
Soviet Management community, in order to manage the neighbouring forest plots.
system Under this management system, local population purchase

“firewood ticket” from the FA and harvest a certain volume in
a forest plot selected by the FA/foresters.

Since the collapse of the Soviet Union, the number of
permanent foresters in Tajikistan has decreased drastically.
However, the so-called “seasonal workers” are involved
during the spring and autumn working-seasons. Both,
foresters and seasonal workers receive extremely low salary
from in cash or kind (forest products) (SPCT, 2015;
Mislimshoeva et al., 2016).

Natural and These forests belong to the FA as well, however, are managed
planted state forest  jointly with local population. Interested local people lease a
areas under certain forest plot from the state for the period of 20 years,
recently introduced with prolongation opportunity. The core parts of this
Joint Forest management types are the contract and the concrete

Management (JFM) management plans, considering the principles of sustainable
forestry. The local tenants do not receive cash salary, however,
have legal user rights of forest use and in turn care for
protection and rehabilitation of forests. JFM has been
introduced since 2007 and the number of tenant is growing
currently

Natural and The so called “association forests” belong to a certain

planted community village/community. The community leader is responsible for

(association) forests overall forest management, however, supported by the local
population especially during the working season in spring.
Every household of the community has equal rights to harvest
firewood in the forest.

Private gardens In the private gardens each household commonly plant fruit
trees, however, in some cases it is also combined with poplar
and willow trees for construction or firewood purposes. In the
case study region, each household owns a garden.

Gorges, roadsides Local population in the remote areas collect firewood in the
and around mountains along the streams, roadsides and/or around
agricultural land agricultural land.




2.1.3 Forest area and management

In the western Pamir’s riparian forests (also known as small-leaved forests) are
the most dominant at an elevation from 1500 to 3000 m asl to anthropogenic
influence (Fig. 3). Both, natural forests and irrigated plantations can be found in
the floodplains of the riverbanks. These forests provide several ecosystem
goods and services, and are a crucial spot of biodiversity in the region
(Kirchhoff and Fabian, 2010). The main species growing in the riparian forests
are willow (Salix turanica, Salix shugnanica, Salix wilhelmsiana and Salix
babylonica), poplar (Populus pyramydalis and Populus pamirica) and sea-buckthorn
(Hippophae rhamnoides). Roughly, 2300 ha are designated as forest in the district;
but only approximately 1800 ha are actually covered by trees. The remaining
500 ha are currently bare soil and sand dunes (FA, 2013). In most of the forest
plots, a Joint Forest Management (JFM) approach has been implemented since
2007, and these forest plots are state owned (for more description of the
approach see Mislimshoeva et al., 2013). According to this approach, the
Forestry Agency and local people (i.e. tenants) share the responsibilities and
benefits. Typically, each forest plot under JFM is assigned to a village and build
a pair - plot and village. The same pairwise approach is true for community
forests, where the community next to a forest plot manages it and benefits from
its goods.

Fig. 3. Riparian forest in the Ishkashim district. Photos: Mislimshoeva, 2013

2.2 Research framework

In order to spatially illustrate the flow of forest firewood availability and usage,
our research framework is based on Serna-Chavez et al. (2014), who suggests a
generic framework of spatial relationships between provisioning and benefiting
areas of ecosystem services. The authors illustrate the application of the
framework with global data on pollination, water provision and climate
regulation services. Also, the authors discussed the possible application of the
framework for other services and other spatial scales. As the framework for
provision of food and raw materials (Serna-Chavez et al., 2014) seems to be



amenable to fine-tuning in order to suit specific conditions, we therefore
adapted and simplified it according to the scale and context of this study (see
Fig. 4).

The green circle with P in Fig. 4, represents service provisioning areas i.e.
forests. The red circle with V, represents the primary benefiting village, and the
F is the flow area within which the services from provisioning area are
delivered to the primary village.

=== Villages area
== Forest area
—— Flow and flow area

Fig. 4. Framework to quantify firewood flows from availability to usage (adapted from
Serna-Chavez et al., 2014)

2.3 Forest availability - usage data and analysis

Two published reports have estimated forest Mean Annual Increment of 3-8 m3
ha? year- ! (Novikov and Safarov, 2003) and 10 m? ha? year! (for Salix and
Populus species) respectively (Kirchhoff, 2009). We used their figures in the
analysis as a baseline for forest biomass increment. As an average, MAI of 3-8
m? ha? year! we draw 5.5 m? ha' year-! and included in the analysis as a first
scenario. The second scenario was the MAI of 10 m3 ha year-1. Each of these
two scenarios was multiplied by the size of each forest plot in order to estimate
the total m3 plot! year! MAIL The MAI of each forest plot was then used to
generate random distribution and with a standard deviation equal to 10%. The
created dataset was utilized in the budget estimation between forest biomass
increment (firewood availability) and households’ firewood usage. In
summary, two literature-based MAI were used in the analysis in this study
(Novikov and Safarov, 2003; Kirchhoff, 2009).

Mislimshoeva et al. (2014) estimated the overall firewood usage in eight
villages in the Ishkashim district through households’ interviews. Out of these,
five were primary villages i.e. those assigned to a forest site or the so called
direct beneficiaries (see Fig. 4 and Table 2). In these villages the household’s
average firewood usage was multiplied by the total number of households in



the village in order to estimate the overall village firewood usage. Furthermore,
it was converted to m3 for the purpose of this study (for more detailed
conversions see Mislimshoeva et al., 2014).

Table 2 Case study areas sorted according to elevation from 2800m asl to 2400m asl.
(forest firewood usage data is derived from Mislimshoeva et al., 2014). *Households;
**Distance between the village and forest.

Village / m3 hhl Heating Total Surveyed Forestarea Distance**

Forest year!l period HH* HH size (ha) (m)

Area
Hisor 1.32 6 98 32 72 700
Drij/

oo 1.74 6 58 23 83 1150
Drij-Nigar
Tugoz 3.51 5 57 23 13 900
Darshay/

3.75 5 58 23 59 4000

Dar.-Nar.
Sumjin 52 4 41 16 24 1500
Total 312 117

The budget (B;) between biomass increment of a forest plot (IFP;) of two
scenarios and households’ firewood usage (HFU;) was estimated as following:

For estimating the standard errors (derived from standard deviation) of
the forest and village budget of each case, we performed bootstrapping method
(Efron and Tibshirani, 1993; Field et al., 2012) with 5000 replications in
statistical software - R, package bootstrap (version 3.2.3; R Core Team 2015;
Efron and Tibshirani, 1993). The mean and standard errors for each individual
budget was then plotted for illustration (95% confidence intervals). For
analysing the spatial flow from forest area to the village, the distance between
the village and the forest areas was taken into account.

3. Results

3.1 Forest biomass increment and households firewood usage

Under the first scenario (5.5 m3 ha' year ) on average, there is 276 m3 plot?!
year! Mean Annual Increment of forest biomass. The minimum and maximum
MAIs are 72 m? plot! year! and 457 m? plot? year!. The average MAI is 502 m3
plot! year! according to the second scenario (10 m? ha'! year?), while the
minimum and maximum are 130 m?3 plot! year! and 830 m? plot? year! (Fig. 5,
a).

In the investigated villages in Mislimshoeva et al. (2014), the amount of
households’ firewood usage which originated in the forests was extracted from
the overall firewood usage in each village. On household level, the average



forest firewood usage ranges from 1.3 to 5.7 m3 hh! winter! having the mean of
3 m? hh! winter. In the studied villages, the proportion of firewood, extracted
from the forest varies among the villages as Fig 5 (b) presents. The distance
between the villages and the forest area does not play a significant role.

a) b)
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Fig. 5. a) Mean Annual Increment of scenario 1 (5.5 m?® ha' year ! (Novikov and
Safarov, 2003)) and scenario 2 (10 m3 ha? year! (Kirchhoff, 2009)). b) Average firewood
usage of a household per winter in the studied villages. Villages are sorted according to
elevation from 2800m asl to 2400m asl. (forest firewood usage data is derived from
Mislimshoeva et al., 2014).

3.2 Relationship between forest biomass increment and firewood usage

Using two increment estimation scenarios presented in Fig. 5 (Novikov and
Safarov, 2002; Kirchhoff, 2009) the relation with the average villages” usage was
analyzed. Although the balance between forest biomass increment and
firewood usage varies from village to village, overall, the results seem to
demonstrate a positive balance in almost all studied villages (Fig. 6). Out of five
forest plots/villages, under the first scenario, there is one case (Tugoz case
study) with a negative budget, while under the second scenario there seems to
be no case with negative budget.
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Fig 6. Budgets of firewood availability and usage as a result of bootstrapping (95%
confidence intervals). Legend of case studies: 1 - Hisor; 2 - Drij: 3 - Tugoz; 4 -
Darshay/Narkhun; 5 - Sumjin.

4. Discussion

In this study, we analyzed forest firewood availability and usage in the
mountainous areas of Tajikistan district Ishkashim. Our estimations of
tirewood per capita per winter day on average is 0.5£0.1 kg at the altitudes of
2400-2800m asl. In contrast, other studies found higher numbers for firewood
usage. For example, Bhatt and Sachan (2004) analyzed firewood consumption
at different altitudinal gradient in mountainous villages of India. The authors
report firewood from 1.1 to 2.80 kg/capita/day, respectively, from 500 to
2000m asl in different case studies. Sharma et al., (2009) carried out a similar
study in Garhwal Himalaya, and showed 2.7, 2.3, 3.4, and 4.4 kg/capita/day in
four researched villages. Rehnus et al., (2013) showed 3.90 kg/capita/heating
day in case studies in Kyrgyzstan, highlighting the pressure on forest resources.
The significant difference between the finding of this study and those from
comparable regions is that forests are not the only source of firewood in the
study region. Part of firewood is extracted from the forests, however, the most
important source of firewood in the research are private gardens of households,
where firewood is extracted free of charge (Mislimshoeva et al., 2014).
However, studies on quantifying private garden as a source of energy are
absent in the study region and further research outlook on this is mentioned in
Mislimshoeva et al., 2014. There are local heterogeneities such as number of
households, heating duration, altitude and distance to the forest, which need to
be taken into account. Top et al. (2004a) for example, found out that firewood
extraction from forest is largely influenced by the distance between forest and
village. The current study shows that firewood availability and usage is not



dependent on the distance to the forest area, as most of the case study areas are
located closely to the forest.

The results of this study seem to demonstrate a positive balance between
forest firewood availability and usage in almost all cases in the research area. A
possible explanation for this could be that there are some uncertainty related to
the firewood conversions of bag units into m3 which is fully discussed in
Mislimshoeva et al., 2014. Furthermore, during the interviews, households
mentioned only the amount of firewood that they officially bought from the
Forestry Agency. There are no recorded available data on illegal firewood
extraction in the forest. Thus, despite this to be an important piece of
information, our study lacks these data in the firewood usage estimation.
Moreover, livestock influence on forest growth is relatively high in the region;
but since there no quantitative data on this behalf, it was not included in the
analysis. We assume that, if these missing data were included in the analysis,
the firewood availability and usage relation would result in more negative or
imbalanced cases. Due to these mentioned reasons, the positive balance
between forest firewood availability and usage has to be interpreted with
caution for practical use.

5. Conclusions

Firewood availability and usage balance is very heterogeneous among forest
plots/villages in the study region. Overall, the results show a positive balance
between forest firewood availability and usage. This however, has to be
interpreted with caution if used for forest management practices. The data of
firewood usage data of this study contain some uncertainties, which are
underlined in the discussion in detailed. Furthermore, scale dependency is
crucial and should be addressed in decision-making, as firewood availability
and usage is site-specific. Forest firewood allocation should be considered at
the local (e.g. village) scale.

Even with some uncertainties, this study still can serves a source of
information for decision makers on forest management in the studied district
and those with similar conditions. Taking into account the limitation and
uncertainties of this study, future research is needed on improved
methodologies, coupling spatial and temporal data. The specific research
outlook will be focused on integrating satellite-images-based Mean Annual
Increment estimation, which provides the opportunity to spatially analyze
forest firewood availability and usage. This can possibly extended also towards
temporal analysis, which is subject to data availability.

Firewood availability question will remain a relevant issue in the
mountainous areas in Tajikistan and in other regions with similar conditions, as
local people heavily depend on it. It is a matter of fact that with the population
growth, which will double by 2050 (UN, 2015) the available energy source will



become scarcer in Tajikistan, given the limited natural resources. Although
other sources of energy such as animal dung, electricity and coal are typically
used in daily life in the study area, development of alternative energy sources
such as solar needs to be considered on one side and of energy-efficient
measures on the other side. Furthermore, improved forest governance plays a
key role in creating more firewood sources in the region.
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Abstract

Remote sensing based biomass quantification in sparsely vegetated areas is often limited when
using only common broadband vegetation indices as input data for correlation with ground
measured biomass information. Red edge indices or texture attributes are often suggested to
tackle this issue. However, clear recommendations on the suitability of specific proxies to provide
accurate biomass information in semi-arid to arid environments are still lacking. This study
contributes to the understanding of the interrelationship between multispectral high-resolution
satellite data (RapidEye), using red edge and texture attributes, and ground-measured woody
biomass in semi-arid ecosystems with scarce woody vegetation. LASSO (Least Absolute
Shrinkage and Selection Operator) and Random Forest were used as predictive models relating
aboveground standing woody biomass to satellite data. Model performance was evaluated based
on cross-validation bias, standard deviation and Root Mean Square Error (RMSE) at the
logarithmic and non-logarithmic scales. Both models achieved rather limited performances in
woody biomass prediction. Nonetheless, model performance increased with red edge indices and
texture attributes, which shows that they play an important role in semi-arid regions with sparse

vegetation.

Keywords: woody biomass estimation, semi-arid, RapidEye, red edge, texture attributes



1. Introduction

Standing biomass in semi-arid to arid regions plays a significant role as it prevents soil erosion
and degradation, can be considered as important carbon pool due to the vast extent of drylands
over the Earth’s land surface, and it is a year round source for firewood as well as for construction
timber for the local population (Bombelli et al. 2009, Lu 2006, MEA 2005, Safriel and Adeel 2005,
UNEP 2012). For gaining quantitative information on above ground biomass, the utilization of
remote sensing based applications has become increasingly feasible in recent years. Earth
Observation (EO) data sets are available for large areas and rapid advances in remote sensing
techniques allow fast, frequent and continuous biomass observations over various scales in time
and space (Ayanu et al. 2012, Sarker and Nichol 2011). As optical EO data alone cannot directly
measure reliable quantitative biomass information (Eisfelder et al. 2012), a common approach
has become to correlate satellite-derived parameters, primarily Vegetation Indices (VIs)
measuring photosynthetic vigour, with ground measured biomass information (e.g. Avitable et al.
2012, Cutler et al. 2012, Samimi and Kraus 2004, Zandler et al. 2015a). This allows an indirect
prediction of quantitative biomass information.

In regions with high biomass levels, such as tropical or boreal regions, remote sensing studies
of vegetation are more comprehensive than in semi-arid to arid savannahs or shrublands
(Eisfelder et al. 2012). However, in environments where sparse and woody vegetation is
predominant, remote sensing techniques face specific challenges and additional methodological
research is needed (Asner et al. 2000, Beeri et al. 2007, Qi and Wallace 2002, Svoray and
Shoshany 2003, Wessels et al. 2006). Studies found that especially the use of common
broadband VIs such as NDVI (Normalized Differenced VI) is rather limited. This applies to
biomass estimation in arid to semi-arid regions using optical data with low resolution (> 1 km)
(Brandt et al. 2014, Diouf and Lambin 2001, Holm et al. 2003, Kawamura et al. 2005, Tucker et
al. 1985, Wessels et al. 2006, Xu et al. 2013) and medium resolution (> 5 m - < 1 km) (Aranha et
al. 2008, Kraus and Samimi 2002, Qi and Wallace 2002, Samimi 2003, Samimi and Kraus 2004,
Wiley et al. 2002).

To overcome this methodological barrier and to find proxies which could improve the accuracy
in retrieving biomass information in sparsely vegetated areas, different techniques and sensors
have been used and tested, also given the availability of high-resolution satellite data in
combination with multi- or hyperspectral information (Eisfelder et al. 2012, Eitel et al. 2011,
Zandler et al. 2015 a, b). Nonetheless, clear recommendations on the suitability of specific

sensors for semi-arid to arid environments are lacking and the development of an operational



technique that is consistently accurate and reproducible still remains challenging until today
(Eisfelder et al. 2012, Qi and Wallace 2002).

Synthesizing suggestions, the red edge band (spectral range between 690-730 nm) is
supposed to be more effective in differentiating the reflectance of the soil background from woody
reflectance characteristics due to its wavelength position at the edge between red and near
infrared (690-730 nm) (Clevers et al. 2002). Thus red edge indices could favor biomass estimation
in semi-arid landscapes more than traditional Vis (Brantley et al. 2011, Eisfelder et al. 2012, Eitel
et al. 2011, Vanselow and Samimi 2014). Besides the use of red edge indices, it is suggested to
include also texture attributes of satellite images (Attarchi and Gloaguen 2014, Eckert 2012,
Kelsey and Neff 2014, Lu 2005, 2006, Sarker and Nichol 2011, Vanselow and Samimi 2014,
Zandler et al. 2015a). Image texture discriminates spatial variability of neighboring pixels
independent from image tone (Luckman et al. 1997). The review of existing scientific literature
has shown that little research has been conducted and published on woody biomass estimation
in semi-arid regions using high resolution imagery in combination with indices including the red
edge band or texture attributes. The main objective of this study is therefore to improve the
understanding of the interrelationship between multispectral high-resolution satellite data and
ground-measured woody biomass in semi-arid ecosystems with scarce woody vegetation. Our
hypothesis is that red edge indices in combination with texture attributes are more effective for
woody biomass estimation than conventional broadband spectral information. The hypothesis is
tested by linking high-resolution RapidEye satellite data with obtained field data of woody biomass

volume in a semi-arid high mountainous region in Tajikistan.

2. Study area

Sampled forest plots for obtaining field measurements of woody biomass are located in a
valley in the southwestern part of Gorno Badakhshan Autonomous Oblast (also known as the
Tajik Pamirs) in the eastern high mountains of Tajikistan (Fig. 1). In this region, the local energy
demand for cooking and heating is high, because of a long heating season of up to six months
(Wiedemann et al. 2012, Mislimshoeva et al. 2014). Woody biomass, used as firewood, is of major
importance to cover the energy needs of the local population (Mislimshoeva et al. 2014).
However, due to the mountainous topography and a continental climate with long winters and
considerable dryness, habitats for woody biomass are scarce (Breu et al. 2005, Hoeck et al.
2007). Only fertile riparian zones and alluvial fans can provide larger habitats for denser woody
vegetation (Breckle and Wucherer 2006, Vanselow et al. 2015). However, these fertile areas are

also important for crop cultivation and livestock farming, implying a competitive situation in



benefiting from different ecosystem services on a small scale (Schumacher 2014). Given the
importance of the availability of firewood for the local population and the lack of related research,

there is a strong necessity to obtain information on forest woody biomass stocks.

Figure 1. Overview map of research area and sampled forest plots.
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3. Methods
The methodological approach of the study included three steps shown in Figure 2: (1)

Obtaining ground measured woody biomass information and derive woody biomass volume, (2)
processing of satellite images including the development of indices and (3) linking both ground
and satellite based data sources to find a correlation and spatially predict woody biomass volume

for sampled forest plots.

80



Figure 2. Flowchart of forest woody biomass volume estimation model
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3.1. Field Data

Field data were collected in August and beginning of September 2013 in seven forest stands
distributed along the valley (Fig. 1). These forest stands are found inside defined plots according
to the cadaster and serve as source of firewood and timber for the adjacent villages. Demarcation
and size of the plots are defined by the cadaster. To homogeneously distribute sampling transects

in relation to size and vegetation density of the stands, a pre-stratification of the stands was



conducted. Four vegetation cover classes were defined within the forest stands (Fig. 3) based on
very high resolution Google Earth Images from 2008, a land cover map based on QuickBird
imagery from 2008 (GTZ 2009), and a guided walk through the whole forest stand with local
foresters (purposive sampling). The guided walk, considered as purposive sampling, was
conducted to update the pre-stratification of the stands, as timely corresponding satellite images

were not available prior to the time of field data collection.

Figure 3. Assigned vegetation cover classes according to stratification of forest stands

in the research area
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Based on the pre-stratification, overall 95 sampling transects were placed in the different
assigned class. Data collection in each sampling transect followed the Line Intercept Method
(Canfield 1941, cited in Mueller-Dombois and Ellenberg 1974). This method is especially feasible
when field measurements over a larger area are required (Mueller-Dombois and Ellenberg 1974,
McCoy 2005) and when boundaries of plant growth are relatively easy to determine as for semi-
arid shrubby vegetation types (Coulloudon et al. 1999). Each sampling transect represented a 20
x 2 m transect. Within each transect quantitative data of each individual standing tree and shrub

was recorded.



3.1.1. Sampled Woody Species

The small-leaved mountain forest, also known as riparian or floodplain forest (Akhmadov
2008, GTZ 2010), is predominant in the region, and consists of the following main species: willow
species (Salix turanica, Salix shugnanica, Salix wilhelmsiana, Salix alba), poplar species (Populus
pyramidalis, Populus pamirica) and sea buckthorn (Hippophae rhamnoides) (Akhmadov 2005,
2008, Akhmadov et al. 2005, GTZ 2010). All sampled transects were dominated by willow (Salix
spec.) (N = 472) and sea buckthorn (H. rhamnoides) (N = 560), whereas poplars (Popolus spec.)
(N = 67) were only present on some plots in smaller abundance (Fig. 4).

Figure 4. Sampled species: poplars (Popolus spec.), willow (Salix spec.), sea buckthorn
(Hippophae rhamnoides) with respective distribution of measured individuals per

species over all sampled transects per forest stand.
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3.1.2. Field measurements and woody biomass volume calculation

Field measurements in the sampling transects were non-destructive. Constraints in time and
absent permission to conduct extensive destructive measurements in the study region made it
not possible to develop more reliable allometric functions. Therefore, in this case woody biomass
volume was derived from non-destructive measurements including:

(1) Most common dimensions (stem diameter and height) to determine the stem volume of a
standing tree or shrub consisting of stem plus bark, which is widely considered as merchantable
stem and bark biomass (Cannell 1984, Gray 1956, Hoyer 1985, Jenkins et al. 2004). Stem volume
was estimated as a function of stem basal area, derived from diameter or circumference, and
height (Hoyer 1985). Circumference was measured with a measuring tape at breast height (d1.sm)
for single stemmed trees, whereas for multiple stemmed shrubs the diameter of each single stem
sprouting from the ground was determined with a caliper at knee height (do.sm) and summed up.
Total height (hwt) was measured for single stemmed trees and average height (havg) for multiple
stemmed shrubs with a clinometer. As Hoyer (1985) in his formula does not consider the shape
of a stem or branch, a form factor approximately representing the shape of a stem was integrated
to increase accuracy (Bebarta 2011, Canfield 1941 in Mueller-Dombois and Ellenberg 1974, Laar
and Akca 2007). This factor again has not been derived from empirical destructive measurements,
but also on site from measurements at the standing tree or shrub. For the artificial form factor (f),
diameters of a standing stem at knee height (do.sm) and breast height (d1.sm) were measured.
Subsequently, the ratio from these two values was derived to gain an approximate factor for the
taper shape. The form factor was calculated on the basis of 100 willow and sea buckthorn
individuals respectively as well as of 35 poplar individuals. Integrating all parameters, equations
for single stemmed trees (Viee) and for multiple stemmed shrubs (Vsiup) are as follows [EQ 1, 2].
The calculated biomass volume per individual was summed up for the whole transect and thus

served as input data for the statistical regression with satellite data.

Vires = % * (dr.am)? * hiot * f EQ (1)

Vishrub = Z* (Z?zo* d0.3m)2 * havg *f EQ (2)

(2) Besides information for biomass volume, measurements of crown diameter over two

lengths (shortest and longest) were recorded to determine the projected crown area. This



additional parameter is very important, because foliage biomass was not considered in the volume
calculations. During time of fieldwork and acquisition dates of the satellite imagery, phenology of
measured species had its peak, signifying the annual maximum of foliage production. To
legitimize a correlation between woody biomass and remote sensing signals focusing on the
green vegetation structure, a strong relationship between measured stem volume and projected

crown area is required.

3.2. Satellite Data

High-resolution RapidEye satellite images (8 tiles; 25 x 25 km each) were obtained from the
RapidEye Science Archive with a pixel spacing of 6.5 m, resampled to 5 m. The acquisition dates
of the images were chronologically very close (2013-07-13; 2013-07-19) and close to the dates
of the fieldwork enabling a comparison with the field measurements.

Image data were atmospherically corrected using the FLAASH (Fast Line-of-sight
Atmospheric Analysis of Spectral Hypercubes) module in ENVI version 4.7 (see Spiekermann et
al. 2014, Zandler et al. 2015a). As further steps, images were geographically corrected using field
based GPS reference points, as well as mosaicked using a feathering algorithm.

To exploit spectral and spatial information for computing indices, mean reflectance values of
each band were extracted for the pixels covered by the sampling transects. Various indices were
calculated with the derived reflectance values (Table 1). The indices can be categorized in (i)
Single Bands, representing reflectance values within the spectral range; (ii) Band Ratios, which
detect differences in surface properties; (iii) Broadband Greenness Vs, measuring photosynthetic
activity (Tucker 1979); (iv) Red edge indices, which use reflectance measurements in narrow red
edge reflectance portion, showing maximum sensitivity for detecting the state of the vegetation
(Verrelst et al. 2006); (v) Soil Adjusted Vls, which attempt to minimize the effect of soil background
(Gilabert et al. 2002); and (vi) Leaf Pigments Vls, which do not measure chlorophyll but stress-
related pigments present in vegetation (Verrelst et al. 2006). Besides spectral information, spatial
information was extracted from the satellite data. A co-occurrence-based filter was used to extract
the following image texture parameters: mean, variance, homogeneity, contrast, dissimilarity,
entropy, second moment and correlation (Haralick et al. 1973). The filter window size was kept
low (3 x 3 pixels), in order not to lose spatial information due to over-smoothing of textural

variations.



Table 1. Categorized indices used in this study (selected)

Indices

Description/Equations

References

Single Bands

Represent reflectance values within respective spectral
range
B1--B5

Band Ratios

Detect spectral differences and thus differences in surface
properties
B1/B2 - - B1/B5; B2/B3 - - B2/B5; B3/B4 - - B3/B5; B4/B5

Broadband Greenness Vls

Chlorophyll Index Green/
Chlorophyll Green Model

Green Normalized
Difference Vegetation Index

Green Blue Normalized
Difference Vegetation Index

Normalized Difference
Vegetation Index

Try to measure and display the overall amount of
photosynthetic material in vegetation

NIR

CGM =—-1
G
GNDVI = =S
NIR+G
GBNDVI = NIR=(G+B)
NIR+(G+B)
NDV] = NIR-R
NIR+R

Tucker 1979

Gitelson et al.
2005

Gitelson &
Merzylak 1997,
Loris & Damiano
2006

Wang et al. 2007

Rouse et al. 1974,
Tucker 1979

Red edge indices

Browning Reflectance Index

Canopy Chlorophyll Content
Index

Normalized Difference
Near-Infrared Red Edge

Normalized Difference
Red Edge Red

Tasseled Cap - Soil
Brightness Index

Use reflectance measurements in red edge reflectance
portion; show maximum sensitivity for detecting state of
vegetation.
1 1
BRI = ©EE

NIR
NIR-RE

cccl = MEEE

NIR+R

NDRE = NIR—-RE
NIR+RE

NDRE = 2 R
" RE+R

TCSBI = 0.332%G + 0.603*R + 0.6 75*RE - 0.262*NIR

Verrelst et al.
2006

Merzylak et al.
2003

Barnes et al. 2000

Barnes et al.
2000, Gitelson &
Merzylak 1994

Kauth & Thomas
1976, Bannari et
al. 1995

Soil Adjusted VIs

Enhanced Vegetation Index

Soil Adjusted Vegetation
Index

Attempt to minimize the effect of soil background as one
source of variation by integrating soil-adjustment
parameters

EVI — 2.5*NIR—R
NIR+6+*R—7.5*B+1
savi = 2R (1 +05)
NIR+R+0.5

Gilabert et al.
2002

Huete et al. 1997

Huete 1988

Do not measure chlorophyll, but stress-related pigments

Verrelst et al.

Leaf Pigments present in vegetation 2006
Anthocyanin Reflectance ARI = 1 1 Gitelson et al.
Index G RE 2009
Texture Information Detect structural details of surface lf;;z;’lick etal.

Single Bands

Band Ratios

TB1--TB5

TB1/TB2 - - TB1/TB5; TB2/TB3 - - TB2/TB5; TB3/TB4 - -
TB3/TB5; TB4/TB5

B1--B5:Band 1--Band 5, NIR: Near-Infrared, RE: Red Edge, R: Red, G: Green, B: Blue, TB1 - - TB5: Texture of Single Band 1 - - 5



3.3. Modeling woody biomass

The large number of potential predictors (160) exceeds number of ground observations (95),
which creates a high-dimensional problem and may lead to overfitting of models (James et al.
2013). To prevent this issue, two different models were selected, which are stated to be effective
in this context. Firstly, a linear model with variable selection based on the LASSO (Least Absolute
Shrinkage and Selection Operator) technique was chosen as a method that uses shrinkage
heuristics and performs variable subset selection prior to prediction (Zandler et al. 2015a). Thus,
this method is able to deal with large numbers of variables and it is also robust regarding unequally
distributed variables (Hastie et al. 2009). An internal cross-validation was used to optimize the
shrinkage penalty. Secondly, the Random Forest (RF) technique was used, which has become
quite popular in remote sensing applications when dealing with high-dimensional data (Pal 2005).
This technique is based on a large number of decision trees (in this study, 500) fitted to random
subsets of the training sample. Both LASSO and RF were fitted to logarithmic (to the base 10)
woody biomass data to better account for non-negativity and nonlinearity. One outlier value in
four predictors was trimmed to a value near the second most extreme observed value in the
sample.

Predictive model performances of LASSO and RF were estimated using spatial cross-
validation (Brenning, 2012). Considering the spatial clustering of field sites and expected
autocorrelation of observations within forest stands, the data set was subdivided into 5 spatial
subsets containing between 9 and 29 observations. Fivefold cross-validation was performed using
this partitioning. Thus, one subset at a time was used as a test set, while the other four were used
as training set for a predictive model (James et al. 2013). Predictions from all five test sets were
combined in order to calculate cross-validation bias, standard deviation and Root Mean Square
Error (RMSE) at the logarithmic and non-logarithmic scale of woody biomass. In addition, three
different predictor sets of indices (1: predictor set with only broadband VIs including single bands
and band ratios; 2: predictor set 1 + red edge indices; 3: predictor set 1 + 2 + texture attributes)
were fed into the model to assess importance of red edge indices and texture attributes.
Topographic information (e.g. Digital Elevation Model) was not integrated as sampled forest
stands were located only in flat riparian zones.

One model was selected based on model performance and computational complexity in order
to map the woody biomass volume for all sampled forest stands in the study region. In order to
assess each predictor’'s relative predictive importance, the permutation-based approach was
used (see Strobl et al. 2007, Brenning 2012). Specifically, each predictor was randomly

permutated in order to obtain degraded predictions on spatial cross-validation test sets, and the



increase in cross-validation RMSE was used as a measure of variable importance. In the case of
the LASSO model, linear model coefficients were furthermore extracted as indicators of variable
selection and importance. Nevertheless, variable importance measures in this high-dimensional
setting should be taken with a grain of salt due to the high degree of redundancy in the data. For
example, without even considering collinearity among multiple predictors, 25% of all pairwise
Pearson’s correlations among predictors were > 0.80 in absolute value.

Statistical calculations were implemented with R, using Packages ‘glmnet’ for LASSO
(Friedmann et al. 2010), ‘randomForest’ for Random Forest (Liaw & Wiener 2014), ‘sperrorest’
for spatial cross validation and variable importance (Brenning 2012), and ‘RSAGA’ for spatial

prediction on raster stacks (Brenning 2013).

4. Results
4.1. Ground measured and calculated parameters

Focusing on height and diameter as main input variables for estimating woody biomass,
poplars were the highest individuals measured, whereas sea buckthorn individuals were relatively
small. Willow individuals had a high abundance of stems sprouting from the ground leading to
high values for diameter. Poplars had primarily single solid stems. Diameter values for sea
buckthorn individuals were rather low. In comparison to willow, the stems were relatively small.
Crown area was biggest for poplar and willow individuals.

Woody biomass volume was calculated for each recorded individual. Poplars and willows had
similar biomass values, whereas the span between minimum and maximum biomass values was
much larger for willows. For poplars, height of the single stems was the decisive factor for biomass
values. Willow individuals do not grow very high, but due to a high abundance of stems the woody
biomass volume was similar to the one of poplars. Sea buckthorn individuals showed the lowest
values for woody biomass volume. Even though the individuals often appear rather bulky, the

actual woody biomass was comparatively low.

4.2. Correlation between woody biomass volume and crown area

According to the correlation analysis between measured crown area and calculated woody
biomass volume over all individuals, a moderately strong relationship of r’=0.67 exists (Fig 5).
Looking at correlations for single species the correlation is lower. The lowest correlation was
found for sea buckthorn (r>=0.45). With consideration of included uncertainties, this correlation
legitimizes a direct statistical linkage of calculated woody biomass with spectral reflectance,

mainly measuring vegetation greenness.



Figure 5. Relationship between crown area and calculated woody biomass volume

over all individuals and per species
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4.3. Empirical biomass models and variable importance
LASSO and RF both achieved only rather limited performances in woody biomass prediction.

This is true for all predictor sets of Vis (Table 4). The model performances for both LASSO and



RF increase with feeding red edge indices (predictor set 2) into the model, but show the best

performances with adding both, red edge indices and texture attributes (predictor set 3).

Table 4. Summary statistics of cross-validated LASSO and RF model results for different

predictor sets

Predictor set 1 Predictor set 2 Predictor set 3
LASSO
Bias 1.06 1.07 0.89
Standard Dev. 2.69 2.69 2.69
RMSE 2.98 2.94 2.75
Correlation 0.12 (PC) 0.13 (PC) 0.31 (PC)
Obs/Pred 0.33 (SC) 0.26 (SC) 0.51 (SC)
Log-scale
Bias 0.03 0.02 -0.02
Standard Dev. 0.81 0.81 0.81
RMSE 0.76 0.78 0.71
Correlation 0.40 (PC) 0.37 (PC) 0.52 (PC)
Obs/Pred 0.33 (SC) 0.26 (SC) 0.51 (SC)
Random Forest
Bias 0.88 0.83 1.06
Standard Dev. 2.69 2.69 2.69
RMSE 2.87 2.80 2.67
Correlation 0.20 (PC) 0.25 (PC) 0.40 (PC)
Obs/Pred 0.33 (SC) 0.37 (SC) 0.50 (SC)
Log-scale

Bias 0.02 -0.007 0.001
Standard Dev. 0.81 0.81 0.81
RMSE 0.77 0.76 0.70
Correlation 0.40 (PC) 0.43 (PC) 0.51 (PC)
Obs/Pred 0.33 (SC) 0.37 (SC) 0.50 (SC)

Predictor Set 1 = Single Band + Band Ratio + Soil Adjusted VlIs + Leaf Pigments VIs + Broadband VIs; Predictor Set
2 = Predictor Set 1 + Red edge VIls; Predictor Set 3 = Predictor Set 1 + Predictor Set 2 + Texture attributes; PC:
Pearson - Correlation; SC: Spearman - Correlation

The best models, using predictor set 3 as input data, show Spearman’s correlations of 0.51
for LASSO and 0.50 for RF, respectively, between measured values and predictions on cross-
validated test sets. Logarithmic-scale cross-validated RMSEs of 0.71 (LASSO) and 0.70 (RF)
showed some predictive skill considering an overall standard deviation of logarithmic woody
biomass of 0.81. High values of RMSE at the non-logarithmic scale (LASSO: 2.75 m?; RF: 2.69
m?3) may seem disappointing compared to the woody biomass standard deviation of 2.69 m?3;
however, these values are inflated by extreme values especially in the case of the less robust
LASSO method as a linear model. The mentioned Spearman correlations and the somewhat
lower Pearson’s correlations of 0.31 (LASSO) and 0.40 (RF) confirm the influence of outliers and

the (limited) predictive capability (p-values <0.01 for both correlation tests).



Among the top 20 predictors in the permutation-based assessment for RF were nine texture
attributes, eight red-edge indices and three band ratios, also including the red edge band.
Considering the most important variables for the sparser LASSO models, particularly important
were four texture attributes, four red-edge indices, and one band ratio of red edge and green
bands (only eleven for LASSO because predictors ranked lower than the top eleven show
substantially lower variable importance values).

Scatterplots of predicted versus observed woody biomass for both better performing models,

LASSO and RF, show that predicted values are rather lower than observed values (Fig 6).

Figure 6. Scatterplots of predicted versus observed woody biomass in m®/transect for best

performing model a) LASSO and b) Random Forest
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The biomass map, obtained with the best performing model (LASSO: Predictor set 3; Log-
Scale; PC = 0.52; RMSE = 0.71), generally predicted low values between 20 and 60 m?® of woody
biomass volume per ha (Fig. 7). Woody biomass is mainly scattered over the plots, tending to
decrease to the edges of the plots, and to increase along small canals (e.g. Hisor, where small
canals meander through the forest plot) and other water sources such as gorges (e.g. Narkhun).
Only for Tugoz predicted biomass can be found homogeneously over the whole plot. This
distribution corresponds with the observations in the field. On the forest plot in Tugoz the highest
average stock of woody biomass per hectare can be found (56.6 m® ha™' of woody biomass). For
the other plots woody biomass ranges between 25 and 40 m® ha™' (Table 5). However, absolute

values shall be interpreted with caution.



Figure 7. Predicted woody biomass map in m* ha™ for each forest stand with LASSO
(Predictor set 3; Log-Scale; PC = 0.52; RMSE = 0.71)
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Table 5. Distribution of predicted woody biomass volume for each sampled forest plot

Hisor Nishgar Drij Tugoz Narkhun Darshay Sumijin

Plot size [ha] 71.7 74.9 12.6 12.5 44.7 14.0 24.2
Stock [m3/ha] 30.8 40.8 24.4 56.6 41.2 41.8 28.7
Stock [m3/plot] 2211.3 3052.5 308.0 707.7 1839.8 584.8 695.5

5. Discussion
5.1. Model performance

In this study high-resolution red edge and texture features retrieved from RapidEye satellite
images were used to tackle the challenge of remote sensing based woody biomass estimation in
semi-arid regions. We demonstrate that red edge indices and texture attributes improve the
predictive performance in comparison to focusing only on conventional broadband Vis. In this
respect our findings are consistent with several other studies (Ali et al. 2015, Eitel et al. 2011,
Kross et al. 2015, Li et al. 2012). However, many studies testing red edge indices focus either on
regions with high biomass levels or on crops. For example, in Eitel et al. (2011), red edge
information improved the detection of stress related shifts in foliar chlorophyll in conifer woodland.
Ali et al. (2015) tested the red edge band for estimating winter wheat and found a better correlation
of red edge indices with the Leaf Area Index of winter wheat than with conventional Vls. Kross et
al. (2015) found similar results estimating biomass in corn and soybean crops.

Findings for woody biomass estimation testing red edge indices particularly in semi-arid to
arid regions are diverse. In Li et al. (2012) the red edge VI outperformed commonly used NDVI in
estimating vegetation fraction in arid regions. For savanna (Ramoleo et al. 2012), desert steppe
(Ren et al. 2011), and grass/herb vegetation (Cho and Skidmore 2009) the analyses showed
similar results. In other studies, however, the additional red edge band was not superior to other
model inputs (Vanselow and Samimi 2014, Zandler et al. 2015a). Here, SAV (Spectral Angle
Values) based variables, Soil Adjusted Vegetation Indices or topographic variables were more
important.

For texture measures the study landscape looks similar. The general picture of the studies is
in line with our findings. Texture measures play an important role in predicting biomass. In Fuchs
et al. (2009), Kesley and Neff (2014), and Sarker and Nichol (2011) for example, texture variables
distinctively improved forest biomass estimates and carbon prediction, however, again in biomass
rich areas. Eckert (2012) found in her study that biomass correlates more with texture measures

than with conventional spectral parameters, especially in degraded forest areas. In strongly arid



regions, texture measures were also found as important variables (Vanselow and Samimi 2014,
Zandler et al. 2015), but not as decisive as in other studies. In these two studies it is also
suggested to further exploit texture variables not only from single bands, but also from indices,
such as soil adjusted indices. This showed an improvement of the model performance in

Vanselow and Samimi (2014).

5.2. Model uncertainties

Even though the predictive capacity of the model increased with red edge indices and texture
attributes, the overall model accuracy was still rather moderate. Uncertainties, therefore, need to
be taken into consideration when looking at the predicted biomass distribution map (for practical
use). High Predictive errors above 50% can also be found in other studies that relate biomass in
semi-arid regions to optical remote sensing data (Aranha et al. 2008, Holm et al. 2003, Powell et
al. 2010, Zandler et al. 2015), whereas a direct comparison of statistical results has to be treated
with caution.

Predictive uncertainty can partly be attributed to the fact that especially in semi-arid
landscapes where sparse and woody vegetation is predominant, the photosynthetic signal
captured by most spectral bands and indices is biased. Pixels are mixed partially with a strong
soil background or herbaceous vegetation and plants consisting of photosynthetic and
nonphotosynthetic woody material. A multi-temporal approach trying to map soil, herb, shrub and
tree cover according to seasonal phenological differences may be appropriate to tackle this issue
as suggested and successfully implemented in Shoshany and Svoray (2002). In addition,
hyperspectral satellite data may reduce model uncertainties for satellite-based vegetation
analysis in drylands, as the higher spectral resolution is more capable in capturing the non-
photosynthetic part of wood plants (Zandler et al. 2015b). Furthermore, uncertainties regarding
field observations need to be considered. On the acquisition dates of the satellite imagery (mid to
end of July) foliage biomass was present because of the peak of the vegetation period. In contrast,
only woody biomass excluding foliage biomass was measured on the ground. Therefore the
correlation between measured biomass and remote sensing signals was only moderately strong
(Fig. 5). This indicates weaknesses in the direct statistical linkage of ground-measured biomass
with satellite data.

A few limitations with respect to woody biomass volume calculation need to be noted.
Destructive harvesting techniques or allometric equations (Sah et al. 2004) were challenging to
apply in this study, given the available time frame and official permission for collecting field data.

In addition, allometric equations, which could be used in such a case, do not exist for the research



area. Transferability of allometric equations from other regions is due to the site and species
specificity rather challenging and thus not applicable in this context. To further increase accuracy
of the chosen equations, an artificial form factor, which represents the shape of the stem, was
included. The derived artificial form factor (for poplar and sea buckthorn 0.73; for willow 0.69) is
similar to other studies. According to Cannell (1984), empirical studies on 640 forest and
woodland stands around the world found out that heavily branched stands had form factors in the
range of 0.6 - 0.8. This underlines the fact that the derived artificial form factor represents a solid
reference value for the stem shape. Still, the mentioned uncertainties regarding ground-based
measurements indicate the tradeoff between gaining accurate measurements and having a less

labor and time intensive method.

5.2. Statistical performance and importance of predictors

The challenge of having a large number of predictors was tackled with choosing LASSO using
an integrated shrinkage technique, and the tree based RF model. For both models the suitability
in such a high-dimensional setting was proven in different studies. In the case of LASSO, Lazaridis
et al. (2011) and Zandler et al. (2015a) tested shrinkage regression techniques in comparison to
other standard methods and came to the conclusion that LASSO performed particularly well.
According to cross-validated model performances, RF model produced similar results to LASSO.
This is contrary to Zandler et al. (2015a), where RF model performed poorer than most other
models. However, in Powell et al. (2010) lowest RMSE was produced with RF for forest biomass
estimation.

In the context of variable importance, red edge indices and texture attributes are highly
dominant among the top predictors. However, the significance of the variable importance has to
be considered carefully in such a high dimensional setting. Additionally, collinearity was not

considered when feeding in additional predictors.

6. Conclusion

In summary it can be stated that this research further improved the understanding of
estimating woody biomass in a semi-arid ecosystems with scarce vegetation using high-
resolution multispectral satellite data. Many studies using optical satellite data tested the
suitability of red edge and texture measures for crop and grass vegetation or in areas with
high biomass levels. Knowledge about its potential for woody and shrubby vegetation in a
strongly semi-arid to arid context is still limited. Our study showed that red edge indices and
texture measures play an important role in woody biomass estimation as the model

performance significantly improved in direct comparison to conventional Vis. Still, as our



achieved model performance highlights, biomass mapping in these environments is subject
to further improvements.

As research outlook, it is suggested to focus on high-resolution hyperspectral data to
achieve better model performance for woody biomass estimation in semi-arid areas. Studies
already showed suitability in arid environments. Furthermore, airborne (including
unmanned) laser scanning could be utilized depending on the scale of assessment. It is
very accurate in assessing forest characteristics such as stand height or distribution of
biomass volume and can generate better training data for the correlation with satellite data.
From a field methodological point of view it may be useful to increase the number of
sampling points or develop allometric functions for local woody species to increase accuracy

of ground data.
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1. Introduction

It is widely agreed that the state of forest ecosystems and their con-
tribution to socio-economic development is largely dependent on the
chosen governance. Poor forest governance causes depletion of these
ecosystems and their consequent failure to provide sufficient goods
and services to society (Lazdinis et al., 2009). While numerous defini-
tions are in use, ‘forest governance’ essentially includes the “norms, pro-
cesses, instruments, people, and organizations that control how local
people interact with forests” (Kishor and Kenneth, 2012, p. 3). Higman
et al. (2005, p. 6) argue that forest governance is about the quality of
decision-making processes rather than the political governmental
structures. The authors define forest governance as good governance
when it encourages the implementation of sustainable forest manage-
ment. In turn, good governance is associated with stakeholder participa-
tion, transparency of decision making, accountability of actors and
decision makers, rule of law, predictability, efficient and effective man-
agement of natural, human, and financial resources, as well as fair and

* Corresponding author.
E-mail address: bunafsha.mislimshoeva@uni-bayreuth.de (B. Mislimshoeva).
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equitable allocation of resources and benefits (Kishor and Kenneth,
2012).

With a wide definition of forest governance, it is challenging to cover
all aspects (Giessen and Buttoud, 2014), however, here is a common
consensus that good forest governance would enhance ecosystem ser-
vices (ES) of forests, as the services are tied to the sustainable manage-
ment of forest resources (Ostrom, 1999; Spangenberg et al., 2014).
Given this background, in the context of this study we define ‘good for-
est governance’ as a network of institutions, wherein the interaction of
transparent legal frameworks, decentralized decision-making, and im-
plementation is assumed to lead to the enhancement of ES of forests
over time. This definition of good forest governance, however, would
not have been relevant in the former Soviet Union. This is because forest
policy in the Soviet Union is often acknowledged to be a centralized and
top-down system, despite several positive aspects (Ziegler, 1990; Pryde,
1991; Nordberg, 2007; Lazdinis et al., 2009; Brain, 2011; Ulybina 2014a;
Ulybina 2014b). Tajikistan, as one of the former Soviet republics, needs
to cope with both the acting command-and-control system and the
slow transition to market oriented, decentralized and participatory for-
estry. Here, during the Soviet times, “the socialistic state was the only
owner of all forests” (Mukhin and Kryvda, 1976, p. 7). Thus, the state
played the dominant role in defining the directions of forest policy
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and its implementation. Private forestry at that period remained incon-
ceivable because it was perceived as profit-oriented and thus, unsus-
tainable (Koldanov, 1992). Tajikistan was in the “forest deficit zone,”
thus, conservation was the main aim of forestry. Wood harvesting was
shifted to “forest surplus regions” such as Siberia (Pryde, 1991,
pp. 115, 130). All workers of the forestry sector were employees of
state cooperatives or state enterprises. In terms of implementation, for-
ests were conserved and used only according to the plans and guide-
lines established by the state (Lazdinis et al., 2009; Nordberg, 2007).
The inheritance of the Soviet environmental policy plays an important
role in the country still today. Previously and newly established formal
and informal institutions at multiple administrative levels create a com-
plex institutional structure, which influences today's forest governance.
At the same time, a lack of political attention and limited funds allocated
to the forestry add further challenges towards good forest governance
achievement. Additionally, the energy crisis, which occurred after the
collapse of the Soviet Union in 1990 put high pressure on the already
scarce forest resources (Mislimshoeva et al., 2014).

As a step towards good forest governance, i.e. better-organized insti-
tutions and more effective law enforcement, the Government of
Tajikistan (GoT) declared a reform of the forestry sector in 2013. Funda-
mental institutional changes took place in two agencies, which are
governing the country's forests: the Committee for Environment Protec-
tion (CEP) and the Forestry Agency (FA) under the Government of the
Republic of Tajikistan. Before the end of 2013, the FA functioned under
the command of the CEP; today the two operate independently. How-
ever, the ongoing reform process is particularly complex, due to the fol-
lowing challenges (Solberg and Rykowski, 2000; Kadka and Jalilova,
2013; Kohler and Kirchhoff, 2013; SPCT, 2013):

a) Weak tenure laws of forest management and lack of awareness of
ownership rights; insufficient public participation in forest manage-
ment;

b) A significant gap between legal frameworks, especially those on
property rights and practice;

c) Lack of trained personnel;

d) Lack of reliable data on forest cover, conditions;

e) A significant lack of research in forestry sector.

To overcome these challenges, many activities are being conducted
by national and international development organizations during the on-
going forest sector reform so that a decentralized and sustainable forest
management system may be achieved in Tajikistan.

Not only in Tajikistan but also in other former Soviet republics forest
governance topic has received very little scientific attention, despite its
importance in the transition phase. In the case of Tajikistan, identifying
and understanding the potential challenges of the forestry sector is es-
sential especially in the process of the ongoing. The overall aim of this
study is to gain a broader understanding of the current state of forest
sector in Tajikistan. Our specific objectives are threefold: a) to describe
the current institutional network's complexity, (b) to analyze stake-
holders' perceptions on the key challenges towards good forest gover-
nance, (¢) and give recommendations to tackle the key challenges, so
that important forest ecosystem services (ES) may be enhanced, thus,
also contribute to the development of the sector. The elements of the in-
stitution network, good governance and ES are explained in detail in the
research framework section.

About 9-11% (around 400,000 ha) of the total pasture' area of
Tajikistan are managed by the FA (Robinson et al. 2012; Wilkes,
2014). Pasture governance, conflicts of pasture and forest management,
and implementation disputes are, however, not in the focus of this
study. In-depth comparative analyses are readily available (see for

! In the Forest Code (2011) pasture is defined as “land of the State Forest Fund intended
for livestock grazing purposes.”

example Robinson et al., 2010; Halimova, 2011; Robinson et al. 2012;
Wilkes, 2014).

2. Methodology and theoretical approach
2.1. Background, forest ecosystem services and management

The Republic of Tajikistan is a landlocked country, located in the
south-eastern part of Central Asia. It shares borders with Afghanistan,
Uzbekistan, Kyrgyzstan, and the People's Republic of China. About 93%
of its area is covered by high mountains. Almost 50% of the area is lo-
cated at an elevation of more than 3000 masl (Romer, 2005; UNDP,
2008). In 1991 Tajikistan gained independence and between 1992 and
1997 it experienced a brutal civil war causing tremendous human losses
and devastating the economy (UNDP, 2008). Today, Tajikistan's econ-
omy depends on exports of cotton and aluminum, while the most im-
portant factor for socio-economic stability are the remittances from
labor migrants from abroad (World Bank, 2009; ADB, 2015). Poverty
headcount ratio at national poverty line ($ 1.4 per capita per day) is
47% of the population (World Bank, 2009). The independence of
Tajikistan and the civil war shaped the development of agriculture
and forestry (Romer, 2005). Since then, these scarce resources need to
sustain the increasing demand for agricultural and forest products.

Forests” in Tajikistan are a crucial spot of biodiversity. There are 200
species of trees and shrubs in the forests, including rare and endangered
species (Kirchhoff and Fabian, 2010). The most widespread types of for-
ests in Tajikistan are coniferous forests (juniperus), broadleaved forests
(mesophilous), small-leaved mountain forests (microthermous), light
forests (xerophilous), and Tugai forests (Novikov and Safarov, 2003;
Kirchhoff and Fabian, 2010). According to the last conducted forest in-
ventory in 1985, there were 111,200 ha of “forest covered land” in
Tajikistan, covering about 0.8% of the country's land surface (Pryde,
1991, p. 114). At present, no reliable data on forest cover are available.
According to the Global Forest Resources Assessment (2010) estimates
the State Forest Fund? in Tajikistan encompass 1.8 million ha, out of
which approximately 410,000 ha are actually covered by forests. This
equals 3% of Tajikistan's territory. Other sources suggest that due to
the ongoing human induced degradation, less than 2% are covered by
forests (Kirchhoff and Fabian, 2010).

Today's forest conservation policies can be tied to the history of en-
vironmental policy in the Soviet Union. In 1943, all forests of the Union
were categorized into three groups (Ulybina, 2014b). Group I included
only forests under strict conservation, Group Il were those of conserva-
tion and utilization, and Group III were for industrial use. Even though
use of forests (including timber harvesting) was foreseen in the Forest
Code of the Tajik SSR (1980, p. 109), 95.8% of its forests were under
Group I, which included forests of “urban greenbelts, resorts, erosion
control, shelterbelts, road protection, and forest reserves” (Pryde,
1991, p. 115-16). Thus, forests were utilized for conservation purposes,
while the countries' enormous timber demand was covered by conces-
sions in Siberia (Pryde, 1991, pp. 115, 130). Under the current Forest
Code of Tajikistan (2011), conservation of forests includes areas that
are important for a set of ecosystem services:

a) “water regulation — protective forest belts along rivers, lakes, reser-
voirs and other water bodies;

b) erosion prevention — forest on the slopes, protective strips along
railways and roads;

c) sanitation and wellness — urban forests, forests around towns and
other populated areas, recreational forests, and resorts;

2 Forest is defined in the Forest Code (2011) as an area which is no less than 10% cov-
ered by wood-forming plants, not less than 0.5 ha and a width not less than 10 m.

3 “The State Forest Fund comprises of all the forests of natural origin, regardless of the
land user, as well as forests of artificial origin, administered by the state agencies, and
lands which are not covered with forest vegetation, provided for forestry needs” (Forest
Code, 2011).
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d) protected areas — forest reserves, game reserves, national and natu-
ral parks, forests which have scientific, historical cultural signifi-
cance;

e) nut production and fruits.”

As the total forest area is relatively small, the ecological, economic,
and social importance of forests is widely unrecognized. Officially the
forestry sector does not play a major role in the Tajikistan's economy.
The use of forest products is rather local, and only a few non-timber for-
est products (such as various products from sea-buckthorn, nuts, and
dry fruits) are available on the national market (Kirchhoff and Fabian,
2010). The use of forests is categorized for the following purposes
(Forest Code, 2011):

a) “timber harvesting and firewood;

b) secondary use for mowing, grazing, placement of hives and apiaries,
breeding of seeds and seedlings, harvesting of fruits, medical and
other plants;

¢) scientific research, organization of cultural, recreational, tourist and
sports activities;

d) construction of tourist infrastructure, recreational areas, and
hunting.”

The majority of forests in Tajikistan belong to the state. An ex-
tremely small share is owned by well-established non-state forest
managers, comprising of former kolkhoses* (now “dekhan farms”)
and other private legal persons. From the management point of
view, two main approaches are currently in place. In most of the
state forests (approximately 1,790,000 ha), management approach
still follows the Soviet system. Under this management system,
3000 of the FA's permanent foresters are responsible for the protec-
tion and management of the forests, who receive an annual opera-
tional plan from the FA. The number of permanent foresters has
decreased drastically since 1990, however the so-called “seasonal
workers” are attracted to work during the spring and autumn sea-
sons. Both permanent foresters and seasonal workers receive ex-
tremely low salary from the FA in cash or kind (forest products).
Contrastingly, in small areas of Tajikistan's forests (such as in
Gorno Badakhshan Autonomous Oblast, Baljuvan, Khovaling etc.)
the Joint Forest Management (JFM) approach was implemented in
2006 and has been continued since. Under JFM, the protection and
management tasks are delegated from the FA to local people on the
basis of 20-year contracts, which can be prolonged if there are no vi-
olations from either side. The FA and local tenants jointly develop
management plans, and within the frame of these plans annual oper-
ational plans, while implementation is monitored on an annual basis
by the FA and NGO representatives. Within the JFM approach, local
tenants do not receive salaries but rather utilize forest products
based on the agreement with the FA. Currently, 565 JFM contracts
spanning 7000 ha of forests are in place (personal communication).

2.2. Research framework

The interaction of people with forests is one of the complex
social-ecological systems which unconditionally require good gov-
ernance. Several generic frameworks analyze this interaction. A
key multilevel framework is presented by Ostrom (1999, 2009) for
analyzing complex social-ecological systems, focusing on forest
ecosystems and their governance. Furthermore, the FAO (Food and

4 A kolkhoz was a collective farm. This means that the land itself, was the capital and the
income belonged to the workers. The income of the workers depended on the profit they
made (Herbers, 2001).

Agriculture Organization) and the World Bank's Program on Forests
(PROFOR) elaborated a widely accepted generic Framework
for Assessing and Monitoring Forest Governance which consists
of generally accepted principles of good forest governance, includ-
ing a) legal frameworks, b) decision-making processes, and
c) implementation and enforcement (Kishor and Kenneth, 2012).
However, a key challenge of frameworks as such is to measure the
impact of good governance on the enhancement of forest ES and
vice versa as it requires a long temporal scale (Fig. 1). Moreover, it
is unlikely that all ES are enhanced simultaneously and the impact
of forest governance on all provided ES is measured. Yet, to measure
the impact of governance on forest ES and vice versa is possible in
certain contexts where data sources are available and where the
ES are prioritized according to specific interests of the forest sector.
While a lack of data is the main challenge in the case of Tajikistan in
order to measure the impact of governance on forest, we focus on
understanding the ranking (according to importance) of ES to the
forest sector from the respondents’ perspective. Out of many forest
ES (MA, 2005; TEEB, 2010), the following were selected based on
a) the discussion with stakeholders prior to the interviews,
b) their political and/or socio-economic importance, and c) their
importance for forest conservation and use in Tajikistan's context:

* Provisioning Services: food (i.e. non-timber forest products), fuel-
wood, wood, medical plants;

* Regulating Services: erosion prevention, pollination;

* Habitat Services: habitats for species;

* Cultural Services: esthetic values, tourism.

For analyzing the application of good forest governance concept and
the ES which are tied to them, we focus only on some fundamental as-
pects based on their rationality (Higman et al., 2005; Ostrom, 2009;
Kishor and Kenneth, 2012), our experience and available literature in
the region. These key aspects included institutional network, laws' con-
sistency and compliance, transparency of decision-making and stake-
holders' participation, management plans, foresters' ability to oversee
their areas, and the effectiveness of cooperation.

2.3. Questionnaire elaboration

The core parts of the questionnaire (found in the supplementary ma-
terial) were based on the research framework shown in Fig. 1. Except for
the ES section and the management plan availability questions, the
questionnaire was comprised of very broad sections and subsections,
with largely open-ended questions. This gave the respondents the free-
dom to express their point of view on certain aspects. The questionnaire
included the following sections and sub-sections:

1. Forest governance, based on the good governance principles

a) Legal framework: in this subsection questions about laws' and regu-
lations' consistency as well as compliance of the legal framework at
all levels were asked.

b) Decision-making: here, aspects, such as transparency of decisions
made, stakeholders' participation, and public access to information
were addressed.

¢) Implementation: in this subsection, questions on salary, information
technology (computers and appropriate software, Geographic Infor-
mation Systems (GIS) and GPS), foresters' ability to oversee their
area, and cooperation and its effectiveness were covered. Also the
availability of management plans was ranked by each respondent
on the scale from one (plans either do not exist or are not imple-
mented) to ten (all forests have up-to-date plans and they are rou-
tinely implemented).
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Fig. 1. Conceptual framework of this study, combining the PROFOR (Kishor and Kenneth, 2012), Ostroms' (1999, 2009) and Ecosystem Services (MA, 2005; TEEB, 2010) concepts. From this
framework, we define good forest governance as a network of institutions, where the interaction of transparent legal frameworks, decentralized decision-making and implementation is
assumed to lead to the enhancement of ES of forests over time. We focus on understanding the ranking (according to importance) of the ES to the forest sector from the respondents’

perspective.

2. Ecosystem services (food, fuelwood, wood, medical plant, erosion
prevention, pollination, habitats for species, esthetic values, tour-
ism) importance, based on political and/or socio-economic interests

a) Importance of ES to the forestry sector: in this subsection each re-
spondent ranked the ES according to their importance to the forestry
sector (1 — least important and 8 — most important).

b) Recommended ES importance to the forestry sector: here, each re-
spondent ranked the ES by his/her own assessment of importance
for the forestry sector (1 — least important and 8 — most important).

In addition, information about forestry sector institutional setting,
forest recourses and management, the successfulness of the forest pol-
icy during the Soviet era and reorganizations since the independence
of Tajikistan in 1991 was included in the questionnaire.

2.4. Data collection and analysis

The data was collected in November 2014, during the process of re-
form in the forestry sector. In order to cover a broader range of views,
we conducted 20 in-depth questionnaire-based interviews with na-
tional policy makers, international and national experts of development
agencies as well as NGO representatives. The interviews were con-
ducted with representatives from the FA (12 interviews), NGOs (3 inter-
views), independent consultants (1 interview), and international
development agencies (4 interviews). Due to the lack of publicly-
available information about potential respondents, we started the inter-
views within the forestry sector departments and then followed the
snowball sampling method (Ulybina, 2014a). We aimed to keep the re-
spondents diverse in terms of position, background, experience, and or-
ganization. Moreover, not all respondents answered all questions, as
many did not have experience with all topics in the questionnaire. In ad-
dition to the data collected through the interviews and observations, we
have used official statistics, reports, legislation, and literature (from the
1980s-90s) in order to deepen the content of the study.

The collected data on the sections and subsections of the question-
naire were categorized systematically. First, the central sections of the
questionnaire (institutions network, legal framework, decision-
making, implementation, importance of forest ES) were selected as
overall topics. Secondly, the answers of all questionnaires within each
topic were clustered and labeled accordingly as categories. This contin-
ued until all answers of each interviewee were covered by any of the
categories. Thus, the categories present the viewpoint of the majority
of the respondents. Several distinguished but at the same time repre-
sentative statements of the respondents are cited with letter R (respon-
dent) and the interviewee's identification number (e.g. R1). While
categorizing the data, we identified the prospects and challenges for
each section of the questionnaire simultaneously. As for the ES, we
have visualized the rankings in a box-plot.

3. Results
3.1. Forest institutions network structure

The Forestry Agency (FA) functions under the Government of
Tajikistan. It is comprised of five units on the national level, which are
responsible for overall national forestry policy and management, game
hunting, national parks management, and research (Fig. 2). For techni-
cal assistance and reform facilitation, FA cooperates with a number of
international development agencies. On the province (oblast) level,
the national forestry unit manages all the state forest enterprise
(leskhozes) and cooperates with local state agencies. The leskhozes in
turn are in charge of their subordinates (lesnichestvo) on the district
(rayon) level. At this level, in cooperation with NGOs and other local
state agencies, the FA implements management approaches. On the
community level, the FA manages some of their forests with individual
tenants under the Joint Forest Management (JFM) approach. However,
permanent foresters manage the majority of the forests. Both cooperate
intensively with village organizations, while tenants also work with the
NGO representatives. While cooperation with other state agencies at all
levels exists to an extent, in some cases it can lead to controversy. For
example, due to the lack of up-to-date forest and land-use maps in
most areas, there are prolonged disputes over land ownership between
FA and Land Use Committee.

3.2. Reforms and reorganizations: yesterday and today

The Soviet Union's forest policy is viewed or discussed from different
perspectives. Often it is perceived as a centralized and top-down policy
(Ziegler, 1990; Pryde, 1991; Nordberg, 2007; Lazdinis et al., 2009; Brain,
2011; Ulybina 2014a; Ulybina 2014b). The Soviet environmental policy
has been criticized for following the slogan “According to Stalin's Plan.
We Will Transform Nature!” (Brain, 2011, p. 108). Yet, the transforma-
tion took place “without regard for environmental consequences”
(Ziegler, 1990, p. 8). However, in Tajikistan's context, most of the ex-
perts in the field of forestry perceive the Soviet policy as a well-struc-
tured, with established legal frameworks and economic strength (well-
paid salary, strong capacity building, protection, implementation etc.)
(R2-12; R15-17), despite the top-down policy. This is also despite the
fact that most of Tajikistan's forests were cut down for cotton produc-
tion in the earlier times of the Soviet Union (Kirchhoff and Fabian,
2010). However, such agricultural land use is not appropriate for moun-
tainous areas, where cotton never has been grown. Especially in these
places (for example in the Pamir mountains), vast reforestation and af-
forestation (forest Group I) campaigns including the establishment of
irrigation infrastructure took place in the 1960s. There was no special
economic interest in forests Group I, but rather ecological and conserva-
tion (Pryde, 1991, p. 116). Also, it should be noted that at that time,
there was no demand for forest products, because imported coal and
gas met the energy needs of the people; thus forest degradation from
fuelwood collection was not an issue (R1; R6; R8; R17).
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Fig. 2. The network of institutions and their interactions within and outside the forest sector. *“The Forestry Agency functioned under the Committee of Environmental Protection until then
end of 2013 (Source: authors' elaboration based on literature review (e.g. Kirchhoff and Fabian, 2010; Kohler and Kirchhoff, 2013; SPCT, 2013) and interviews).

To incorporate the positive aspects of the Soviet forest policy with
the current framework conditions (since the independence of
Tajikistan in 1991), the forestry sector has undergone seven reorganiza-
tions. All these were attempts of the Government of Tajikistan (GoT) to
establish good forest governance and to find pathways towards sustain-
able management of forests. Despite all ambitious aims, these

reorganizations regularly turned out to create controversies, and mainly
resulted in the merger and/or separation of the involved institutions
only (SPCT, 2013).

The forestry sector is currently undergoing another reform and reor-
ganization process that started in 2013. The FA, an institution that pre-
viously functioned under the CEP, became an independent agency,
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reporting directly to the GoT. There is a consensus among the respon-
dents, that within the CEP, the FA “received too little attention” (R12),
which resulted in inefficient work processes. The inefficiency was also
driven by the fact that CEP has an environmental protection (control)
function, while the FA understood its function mainly as entrepreneur-
ial. One respondent described the dilemma as, “this is exactly the same as
to have one organization which is in charge of a taxi driver and a traffic po-
liceman” (R3). Thus, the majority of the interviewees perceive the sepa-
ration from the CEP to be the main reason for the continual reform.
According to the experts' interviews, the 2013 reform is distinctive, be-
cause during this reform not only restructuring, but also major changes
in the legal framework are envisaged. Currently, the newly accepted
Forest Code (2011) plays an important role in the reform process.

3.3. Forest governance: current prospects and challenges

The reform in Tajikistan's forestry sector is ongoing, thus assessing
its impact on forests remains a challenge. However, the experts' inter-
views identified some of the drivers of current prospects and challenges
that play a crucial role during the ongoing reform and in the future. The
division of the FA from the CEP was perceived to be one of the main
steps towards efficiency. The independence allows the FA to directly ap-
proach the GoT and donors. As a result of this restructuring, the FA also
gained a higher status within the GoT and is able to independently make
decisions. From the structure point of view, the rayon and oblast
leskhozes now have only one institution to which they must report, in-
stead of two.

While the FA's new structure appears very promising on paper,
many challenges remain that slow the process of implementation, ac-
cording to the experts interviewed. We will highlight some of these
challenges in the good governance context below (legal framework,
decision-making and implementation), but they can be categorized as
follows:

1. Staff and motivation. Lack of specialists (especially young staff) at all
levels in the forestry sector; lack of capacity building for current
staff; lack of motivation and interest among employees;

2. Legal frameworks. Conflicting and overlapping laws, especially in the
CEP and FA context; weak tenure laws; financial system not adapted
to the current framework conditions;

3. Institutional setting. Merger of several departments with distinct
aims; division of departments with similar goals;

4. Management. Weak management and control; numerous challenges
with JFM tenant system (as to introduce decentralized forest man-
agement is challenging);

5. Research. Absence of science-based approaches for decision-making
in the forestry sector.

3.3.1. Legal framework

The previous reorganizations' controversial results can be largely at-
tributed to the lack of a relevant and comprehensive legal basis. Even
though many laws and regulations governing forests, hunting, land
use, pastures, nature protection, and tenure in Tajikistan have been re-
vised since the 1990s, their central functionality is still tied to the Soviet
era. Laws explicitly include the names of the state institutions (R3, R7), in-
volved in the forestry sector. Therefore, although reorganization or re-
form has taken place, the laws have no juridical power, resulting in
conflicts among the involved institutions.

The Forest Code, adopted in 2011, aims to improve forest preserva-
tion and to provide the legal basis for the newly integrated Joint Forest
Management (JFM) approach. Namely, since the acceptance of this For-
est Code, JFM has been implemented in several regions of Tajikistan.
However, the Forest Code is also criticized for not being consistent
with the charter of the forestry sector. Also, it does not include articles
describing the process of use of forest resources, forest rehabilitation,
or the protection of rare trees and shrubs (SPCT, 2013).

Legal framework of forestry in Tajikistan includes, but not restricted
to Forest Code, charter of the forestry sector, Nature Protection Law, the
Land Code, the Law on Local State Authorities, the Code on Administra-
tive Violence. When asked the question, “how consistent are the laws
regulating the forestry sector?” 40% of the respondents answered,
most of the laws are confusing and in conflict, while 20% responded,
some of the laws are confusing or conflict with each other. Out of 20 re-
spondents, only 14 had experience with law compliance. Nine of these
respondents mentioned that in general most of the laws are not followed
and only some laws are followed. The gap between the legal frameworks
and actual implementation in the field remains a major concern of the
respondents.

3.3.2. Decision-making

Transparency in decision-making is one of the key principles in good
governance. However, stakeholder engagement in the decision-making
process remains weak in the forestry sector. 50% of the respondents
think that the FA lacks adequate capacity to engage stakeholders on
forest-related decision-making processes. Most of the important deci-
sions, regarding the harvest of non-timber forest products or firewood,
are made centrally. Oblast and rayon leskhozes are then informed in
writing, and need to comply by reaching the target. International devel-
opment agencies, as reform facilitators, has supported the integration of
stakeholders in the decision-making over the last two years.

Improving the transparency of decision-making is also important in
enhancing the public's access to information (such as databases, statis-
tics, maps, management plans, laws, and budgets). Access to informa-
tion promotes public debate of decisions within the forestry sector.
Experts cite the absence of information management system as the
main obstacle to the access of information. According to 40% of the ex-
perts interviewed, most of the information is available on personal re-
quest by the interested persons. In this case, accessibility is dependent
on the type of information. The quality of the accessed information
also remains a major concern of the respondents.

3.3.3. Implementation

Effective implementation is a product of well-established laws and
transparent decisions. Because both of the latter have yet to be achieved,
the implementation phase is consequently difficult. Nevertheless, im-
plementation is a key element of good governance, and was therefore
covered by several questions during the interviews. The answers can
be categorized as follow:

* Information technology (IT) and skilled staff. The major challenge
identified is the absence of a modern database and GIS system.
“There was no forest inventory after the collapse of the Soviet
Union. Realistically speaking, we don't really know how much is
growing where. l.e. we protect something that we don't know and
we conserve something that may not exist” (R10). Up to now, old
maps from the 1980s are still in use for forest management and
decision-making. Since 2014, with the technical support of the
Deutsche Gesellschaft fuer Internationale Zusammenarbeit (GIZ)
GmbH, a new mapping system is currently under development. How-
ever, the lack of IT specialists (also lack of specialists in general) at the
FA continues to present challenges. “If in the Soviet time a certain plan
needed 200 specialists to be implemented, now the same plan is still
in use, but the number of specialist decreased to 20” (R10). On the
rayon level, computers are available, however due to lack of IT train-
ing and unreliable electricity, especially in winter, they are not utilized
to a great extent.

Management plans. Out of 18 respondents, 17 ranked the availability
of management plans between 1 and 5 (out of 10 possible), indicating
that at best half of the forests have management plans. However, it
has to be noticed that very broad management plans had been elabo-
rated for each oblast. In turn, oblast leskhoz distribute the centrally
elaborated plans among the rayons. “There are management plans,
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but the question is how they are implemented and how they are re-
lated to the situation on the ground” (R10). When the JFM approach
is implemented, very detailed management plans are elaborated
with each tenant individually. However, this covers a minor part
(7000 ha) of the total area of forests (420,000 ha).

Foresters' capacity. To implement the existing management plans, for-
esters' capacity to oversee their areas plays an important role, as the
state of the forests mainly depends on the foresters' work. Nine of
the 17 respondents mentioned, less than half of the field foresters
have the necessary capacity to oversee their areas. Several respon-
dents think that the assigned areas are too large for the foresters to
oversee effectively, given the field conditions, skills, and available re-
sources. “For example, there is a forester who needs to travel
200 km to control his forest area. He has nothing, no car, no horse...
In the end he is able to control only that part which he is physically
able to reach. It may be questioned if he is motivated to travel these
200 km two times a week for $ 25 salary?” (R10).

Salary. There was a consensus among the respondents (19 out of 20)
that the salary (at all levels) within the sector is not adequate. For ex-
ample, net salary of a forester is TJS°157 ($ 30), while the cost of living
in Tajikistan per person (consumer basket) is TJS 257 ($ 48) (SPCT,
2013). The extremely low salary is one of the deterrents for young
people, few of whom work in the forestry sector. To attract young spe-
cialists, the respondents suggested to motivate young specialists by
providing a better salary than the current one (at all levels); to invest
in capacity building, throughout all the departments and offer innova-
tions; to provide a good working atmosphere by treating all fairly; and
to provide a future perspective.

Effective cooperation to promote good governance. To the question on
cooperation effectiveness between forestry sectors stakeholders (FA,
NGOs, international development agencies and other sectors), 11
out of 18 respondents shared the view that only some cooperation is
effective. Following this, the respondents were asked about how to
improve cooperation between NGOs, international development
agencies, other sectors and FA. The answers are clustered in two
groups:

Group related to the international development agencies and NGOs:
Several international development agencies are directly or indirectly
contributing to the Tajik forestry sector reform. NGOs are usually work-
ing on a contract basis with international development agencies. Ac-
cording to experts from the state and international/local NGOs, better
coordination and communication is necessary between international
development agencies working on similar projects to avoid overlapping
projects. Another obstacle mentioned is the relative short duration of
projects in relation to the long time scale of forest development. Addi-
tionally, some international development agencies are criticized for
not being present in any discussions and being far from reality (R3;
R7). “Foreign partners are coming to Tajikistan with already a fixed plan
or project which they developed somewhere else” (R10). Another criticism,
particularly of FA respondents, is that large shares of budgets are spent
on (international) consultants, which at times would results in little but
a good report.

Group related to FA (and other sectors): There is a lack of communica-
tion platforms not only among the international development agencies,
but also between them and the FA. International development agencies
demand more trust, concrete initiatives, and cooperation from the FA's
side. “The problem is that generally state institutions are not able to always
express their ideas clearly, what concrete support they expect from part-
ners” (R10). Lack of specialists in the FA complicates cooperation as
well. It should be noted that tackling many issues, particularly the im-
plementation of forest policy, requires economic incentives. However,

5 $1 = TJS 5.30. National Bank of Tajikistan, January, 2015.

the expectation of economic incentives even for non-financial issues re-
mains a challenge to the development of cooperation.

3.4. Forest ecosystem services importance within the forestry sector

The ranking or prioritization of ES according to their political and/or
socio-economic importance is twofold. Firstly the importance of ES to
the forestry sector is assessed by the respondents. Secondly, the respon-
dents rank the ES by their own assessment of importance for the for-
estry sector (as recommendation). The ranking of the provisioning,
regulating, supporting and cultural ES by the respondents shows that
those ES important to the forestry sector have almost the same pattern
as those recommended by the respondents (Fig. 3). The results show
that overall, provisioning services seemed to be the most important ser-
vices by trend, followed by regulating services. Within the provisioning
services, NTFP (non-timber forest products), fuelwood, and wood are
almost equally important, while medical plants seem to be more impor-
tant to forestry sector. Of the regulating services, erosion prevention
turned out to be a higher valued service than pollination. In comparison,
habitats for species seem to be less important for the forestry sector,
while the respondents valued it as a higher priority. The cultural ser-
vices were in general the least important ES to the respondents.

4. Discussion

In the process of Tajikistan's forestry sector reform, this paper high-
lights the prospects and challenges towards good forest governance.
One main indicator of good forest governance pathways is the establish-
ment of a new institutional structure, which seems to be well accepted
among the experts, even though it is not yet fully implemented. While
the initial acceptance of the latest reorganization increases the hope
for improved decentralized governance of forest resources, one could
also question if it is yet another reorganization in a series of reorganiza-
tions to come. We encourage the former, optimistic attitude in further
discussions.

According to the good forest governance definition, the application
of a well-accepted structure requires established and transparent laws
and regulations. As the data show, the legal bases of forest governance
suffer from several drawbacks. The inconsistency of legal frameworks
remains a particular concern of the respondents. Over the last 25
years, the success story of the revised Forest Code was an important
step forward. However, to facilitate stable governance in the long run,
the specific mandates in this code must be made consistent with other
codes and laws, such as the Nature Protection Law, the Land Code, the
Law on Local State Authorities, the Code on Administrative Violence
and other relevant laws. In order to achieve consistency of laws and reg-
ulations and consequently their implementation, involvement of vari-
ous stakeholders (including lawyers), is a challenging yet necessary
step towards significant improvements. In line with that, involvement
of different stakeholders needs to be more actively promoted by the
FA. To establish transparency and goodwill among society, partners, do-
nors and researchers, the FA should seriously consider the establish-
ment of appropriate information systems, e.g., an Internet page.

Involvement of different stakeholders at different administrative
levels is an essential principal of good forest governance. It is widely
agreed among the respondents that currently the FA lacks the capacity
to engage stakeholders on forest-related decision-making processes.
There is a risk that without stakeholder involvement, the well-
accepted structure (among the experts), the laws and decisions will
have to be imposed on the oblast and rayon levels, with communities fol-
lowing the well-known command-and-control system. In this context,
involvement of different stakeholders should be initiated and promoted
by the FA, not the partners. Also, the closed nature of the decision-
making processes leaves civil society to mistrust the representatives of
the forestry sector. Furthermore, to strengthen foresters' capacity in
the field, FA needs to start actively to involve local communities in forest
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Fig. 3. Ranking (1 = unimportant and 8 = important) of ES according to their political and/or socio-economic importance. NTFP: non-timber forest products.

management, which are directly dependent on forest use. While Joint
Forest Management tends to show positive results in some communi-
ties, its spatial scale remains invisible at the national level. To overcome
most of these challenges, the forestry sector needs to achieve a certain
financial stability, which could be reached by developing new concepts
for marketing of forest provisioning services (non-timber forest prod-
ucts, fuelwood, wood, medical plants), which promise to be of economic
importance for the sector.

As for implementation of the principle of good forest governance,
the absence of basic up-to-date maps and a lack of management plans
are the challenges listed by the respondents. While these are currently
being dealt with, weak foresters' capacity and extremely low salaries
seem to remain unchanged in the near future. With the current ex-
tremely low salaries at all levels the personnel have a little chance to ful-
fill their tasks.

Cooperation among institutions within the forestry sector is yet to
achieve efficiency. Many challenges of the forestry sector are mutual,
and will not be resolved by this sector alone. While much remains to
be improved, another paradoxical point arises: the experts, who under-
line the weaknesses of the cooperation, are the essential part of this co-
operation. This clearly shows that the important players within the
forestry sectors are well aware of cooperation's drawbacks, which is
not unexpected. The issue is rather the gap between knowing on the
one side and taking concrete actions on the other side. Taking concrete
action, however, requires first of all understanding and communication
of the forest governance challenges. The involved institutions still have
yet to create a common communication platform. Thus, multiple pro-
jects working on similar issues run parallel to each other, and fail to
reach a common goal.

An attempt to understand the importance of ES for the Tajik forestry
sector reveals that provisioning services are the most important. Even
though the question during the interviews was posed in a very broad
way, the respondents were most likely to answer with economic ratio-
nality. This is logical however, because it is inconceivable that e.g. cul-
tural services would be more important than provisioning services.
Although this may change in the future, at present provisioning services
are more likely to provide income, thus stabilizing the financial state of
the forestry sector.

The Tajik forestry sector's pathways towards sustainable forestry
seem long and challenging. Yet this path can start with the creation of
a holistic approach to tackle the concrete challenges that were men-
tioned by the experts in the context of this study. Meanwhile, however,
the experts themselves being a central part of the sector, would have to
embrace the movement towards change, so that the new pathways of

Tajikistan's forestry sector may arise from the people driving its prog-
ress from the inside.

5. Conclusions

In conclusion, it is useful to highlight two fundamental issues of this
study — one relating to methods, the other concerning the relevance of
the study results. In order to understand the importance of good forest
governance for ecosystem services and vice versa, in this study we de-
velop a definition, which is then integrated into a well-established and
practice-oriented conceptual framework. The framework provides a
structure for empirical analysis of governance and ecosystem services,
taking into account a network of institutions, wherein the interaction
of transparent legal frameworks, decentralized decision-making, and
implementation is assumed to lead to the enhancement services over
time (in this case forest ecosystem services). The fact that this frame-
work extends existing forest governance schemes (Ostrom, 1999;
2009; Kishor and Kenneth, 2012; Arts, 2014) by introducing ecosystem
services (MA, 2005; TEEB, 2010) it is thus, powerful in simplifying com-
plex interaction between these. In the ongoing discussion under the In-
tergovernmental Platform on Biodiversity and Ecosystem Services
(IPBES) this is explicitly requested (Diaz et al., 2015). The empirical re-
sults of the framework presented in this paper provide the condition to
gain overview across administrative scales and to support policies pro-
moting good forest governance, which in turn leads to sustainable man-
agement of ecosystem services.

To measure the interaction of forest governance and ecosystem ser-
vices is challenging, taking into account frequent political reforms (such
as in the case of Tajikistan) and the long time scale of forest develop-
ment. Given the post-Soviet background, all member countries devel-
oped along similar lines as being part of a wider Union. Therefore,
currently not only in Tajikistan, but also in other countries in the region
the pathway towards good forest governance is challenging (World
Bank, 2005; Undeland, 2012; FLEG, 2015; ENPI FLEG, 2015). Here, at
present, forest provisioning services balanced with regulating and
cultural services have the potential to contribute to promoting
good forest governance. While the establishment of administrative
structures seems to be common, these partly continue the approach
of vertical hierarchy (Undeland, 2012). Additionally, several chal-
lenges remain in establishing sound legal frameworks, decision-
making transparency, and most importantly implementation. This
in turn may have significant social, economic and environmental
consequences (FAO, 2010).
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12. Main conclusions and recommendations

Under the umbrella of ecosystem services governance, supply and demand, the
overall aim of this thesis was to contribute to the knowledge on energy
consumption patterns, forest firewood supply-demand and governance from
local case studies to a national scale based on empirical research in Tajikistan.

As for the first hypothesis, the results of the first paper indicated that
firewood remains a particularly important source of energy in the rural
mountainous regions of Tajikistan. However, animal dung plays the most
important role, which can be explained by the fact that almost all households
own animals (cows, sheep and goats), while a certain share of firewood needs to
be purchased. Moreover, our field observations show that in these areas there
are strong tradeoffs between energy use and agricultural activities. Animal
dung is widely used as an energy source but at the same time as a fertilizer. As a
result, priority is given to energy use, while the productivity of soils decreases
over time; and, thus, also the quality of agricultural products. Special attention
needs to be paid to the development of simple and applicable techniques for
using renewable energy sources (hydro, solar, wind), to thus allow animal dung
to be used for agriculture. A concrete research effort on the potentials of solar
energy is currently being carried out in the western Pamirs within the
framework of a project on “Transformation Processes in the Eastern Pamirs of
Tajikistan: The presence and future of energy resources in the framework of
sustainable development.”

In relation to the first research question, the first paper showed that out of
the many biophysical and socio-economic factors, elevation, size of a
household’s private garden and total hours of heating positively influence
tirewood consumption, while education level and access to a reliable supply of
electricity influenced it negatively. Especially at higher elevations, where
villages require more energy, but at the same have less energy sources (e.g.
biomass because of the harsh climatic conditions, short vegetation period),
sustainable energy production efforts, such as forestry, use of alternative
sources, energy-efficient technology (e.g. thermal insulation and efficient
stoves), should be considered. Moreover, higher elevation areas are especially
vulnerable to the rapid changing climate and the related shifting of the
vegetation period, so that planting fast growing species that are adapted to the
climate change is a crucial step. Biomass remains as one of the few and
important ES - not only in the research area of the thesis, but in the
mountainous areas of Central Asia with very similar climatic and socio-
economic conditions.



Regarding the forest firewood ES supply and demand was investigated in
the second and third paper. The budget between forest firewood supply and
demand remained in most cases positive, which led to the conclusion that
unsustainable use of forest may not be an issue in the case study areas. This
conclusion should, however, be interpreted with caution due to the lack of data
on illegal firewood extraction. Several uncertainties remain in this respect,
which are mentioned in detail in the second paper and in chapter 13.

The second hypothesis (and in parallel the third research question) was
studied in the fourth paper, where the key challenges towards good forest
governance were analyzed. The results indicated that in the forest sector of
Tajikistan the establishment of a good institutional network is a first step
towards good forest governance. However, challenges such as those in
establishing sound legal frameworks, decision-making transparency and
implementation enforcement remain to be overcome. The main policy-relevant
recommendations of this study are: a) involvement of different stakeholders
(mostly lawyers) is a crucial part to achieve consistency in laws and regulations,
b) the Forestry Agency needs to seriously consider developing a mechanism for
involving stakeholders to guarantee transparent decision-making, c) active
involvement of local communities in forest management in order to increase the
capacity of foresters. ES could potentially contribute to financial stability of the
forest sector, and thus lead to solutions for challenges that are dependent on
finance. At the same time, establishing good forest governance would lead to an
enhanced management of ES, thus improving forest conditions and livelihood
of communities depending on these resources.

Although the knowledge gaps are large and uncertainties attached to the
available data are considerable (chapter 12), this thesis nevertheless contributes
significantly to filling research gaps in the context of Tajikistan and similar
countries (historically, geographically). The presented thesis contributes new
empirical insights to the understanding of the energy situation in the rural areas
of Tajikistan (and similar areas of Central Asia), the role of ES in the energy
situation, their supply-demand and governance.



13. Research outlook

Energy consumption, firewood supply-demand and the combination with
governance aspects is a complex topic, given the historical context of countries
such as Tajikistan. In spite of the contribution of this thesis, this topic remains
far from being fully understood, as research in this direction is still lacking
considerably across scales.

This study contributes to the understanding of energy consumption
patterns, while the main focus is put on firewood usage and factors influencing
it. Furthermore, forest firewood supply and demand in the domestic sector is
studied deeper and extended to forest governance at the national level. In the
context of this study, the most challenging issue was the major lack of spatial
and temporal data, which meant many results were produced at local level.
Specific research outlooks are listed in each manuscript individually, while in
this chapter some general points are summarized, which are mostly related to
data limitations in the region:

a. Most of the case studies included in this thesis remain very local, so that
their representativeness for larger spatial and longer temporal scales
cannot be claimed. More studies at the province scale are necessary in
order to offer a deeper understanding of energy use patterns, their
impact on natural resources and direct as well as indirect driving forces
of energy use across larger spatial and temporal scales. Furthermore,
there is an urgent need for research replication in the area in order to
strengthen the knowledge about energy demand and the role of natural
energy resources in the livelihood of local population - not only of
Tajikistan, but also other similar mountainous regions.

b. Due to lack of data (small sample size), the application of sophisticated
methodologies in the research papers of this thesis was challenging.
Thus, further data collection not only at the household level, but also
small to medium industrial and public buildings could further improve
the methodological limitations mentioned in this thesis. As for the forest
governance aspect, more data at different administrative levels are
necessary in order to capture the full picture of forest management in the
country.

c. In the domestic sector, the amount of available energy sources remains
largely unknown. For example, firewood sources and quantities outside
of forests (e.g. from private gardens) needs further research in order to
explain a wider context of firewood usage and its impact on land use
and land cover across spatial and temporal scales.



A profound knowledge gap in generating quantitative and spatially
explicit data about multiple ecosystem services across landscapes is challenging,
and yet, a necessary step. Future research priorities should be set to further
empirical and ecological data collection and to fill the knowledge gaps. For
example, remote sensing is a possibility to extrapolate environmental data to a
larger area. In this regards, the results of the third paper will be further analyzes
to estimate forest firewood supply and spatially linked demand side. The new
Sentinel sensor will provide high spatial (10 m) and temporal (3 days) resolution
data, which will be available free of charge. Advanced applications for
modeling ES with the InVEST tool, SWAT and/or other software and open
sources will help to cover a larger spatial scale. Qualitative data for assessing
peoples’ perception regarding changes in the availability of ES and how these
changes affect their livelihood strategies would improve the overall
understanding of human dimensions of ES supply and demand. Furthermore,
given a broader context of climate change in vulnerable mountainous areas of
Central Asia, specific research questions could focus on a) understanding the
impact of climate change on land use and, thus, on the provision of multiple ES;
b) adaptation strategies when a deficiency of a certain ES exists; c) spatial and
temporal ES flows, synergies and trade-offs; d) development of alternatives for
increasing the supply and decreasing the demand of ES, thus reducing the
pressure on natural resource.
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