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Editorial

The 2024 IAS issue includes four contributions, and as usual on diverse topics of applied life sciences
that are relevant under boreal, alpine, arctic or subarctic conditions which defines the scopeof our
journal.

The first publication is about studies on immunological tissue is present in the rostral oral cavity
of icelandic horses indicating the possibility of application of antigens in allergen-specific
immunotherapy via the oral mucosa. The second publication is on tree-ring width and stable isotope
analyses of Picea sitchensis from Iceland revealing growth potential under predicted climate change.
The third publication is on models for simulating the temporal development of black cottonwood
plantations in Iceland. The fourth publication is about studies on the relationship between live
weight and body condition score and estimation of standard reference weight of ewes from the
Icelandic sheep breed based on data collected for 22 years at the Agricultural Universtiy of Iceland’s
experimental sheepfarm.

The IAS Editorial Board decided last year that, starting with the 2025 issue, the journal’s name would
be expanded to include an environmental reference in the name and become Icelandic Agricultural
and Environmental Sciences. The journal’s defined scope has retained the environmental element
since the beginning, but it has been missing from the title, which will now be added.

The editorial board hopes that the expansion of the name will appeal even more to authors who are
engaged in environmental research that falls within the journal’s scope.

Bjorn Thorsteinsson
Editor in Chief



WWww.ias.is

https://doi.org/10.16886/1AS.2024.01 ICEL. AGRIC. SCI. 37 (2024), 3-9

Well-developed immunological tissue is present in the
rostral oral cavity of horses as revealed by histological and

immunohistochemical examination
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EYGLO GISLADOTTIR!, LAUREN TRYGGVASON? AND SIGURBJORG TORSTEINSDOTTIR'

!Institute for Experimental Pathology at Keldur, University of Iceland, Keldnavegur 3, IS-112 Reykjavik, Iceland.
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Email: lauren@emerson-watson.com
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ABSTRACT

Horses have a well-developed mucosal-associated lymphoid tissue in the naso-oropharynx for immunological
defence and the development of immunological tolerance. The different components of this lymphoid tissue
have been documented, but not all areas of the equine oral cavity have been investigated. In the present study,
samples for histological and immunohistochemical examinations were collected from slaughtered horses of
different ages, focusing on the rostral part of the oral cavity. Dense lymphatic tissue was found in the mucosa
covering the bar area of the mandibles and the floor of the oral cavity, and it was present in horses of different
ages. The most prominent lymphatic tissue, with large aggregates of lymph nodules, was present on either side
of the lingual frenulum. The rostral location of this lymphatic tissue in horses renders support for application of
antigens in allergen-specific immunotherapy via the oral mucosa.

Keywords: Anatomy, equine, Icelandic horses, immunotherapy, mucosal-associated lymphoid tissue, oral
cavity.

YFIRLIT

Hross eru med vel préadan slimutengdan eitilvef i nef- og munnkoki par sem Onemisvérn og dnaemispol
myndast. Hinum mismunandi pattum pessa eitilvefs hefur verid lyst en ekki 61l svaeedi munnhols hrossa
hafa verid skodud. I pessari rannsokn voru syni fyrir vefjaskodun og motefnalitun tekin ar slaturhrossum 4
mismunandi aldri, med dherslu 4 trjonulaega hluta munnholsins. Péttur eitilvefur fannst i slimhtidinni sem pekur
tannlausa bilid i neori kjalka og i grennd vid tunguhaftid. Eitilvefurinn var til stadar i hrossum 4 6likum aldri.
Umfangsmesta eitilvefinn, eda safneitlinga, var ad finna sitt hvorum megin vid tunguhaftid. Stadsetning pessa
eitilvefs trjonulegt i munnholinu rennir stodum undir moguleika pess ad haegt s¢ ad proa donemismedferd um
munnslimhad hrossa.

INTRODUCTION
Mucosal surfaces of the body are endowed with ~ the development of immunological tolerance.
lymphatic tissue for immunological defence and ~ An important part of the mucosal immune
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system is the mucosal-associated lymphoid
tissue (MALT) consisting of tonsils and lymph
nodules (Casteleyn et al. 2011, Kumar &
Timoney 2005b-d, Kumar & Timoney 2006,
Liebler-Tenorio & Pabst 2006). Tonsils, an
important component of MALT, are composed
of B-cell rich lymphoid follicles and T-cell-
dependent interfollicular areas, with close
association with the mucosal surface (Liebler-
Tenorio & Pabst 2006). MHC-II positive
antigen-presenting cells are also an important
component of MALT, of which dendritic cells
(DCs) are the most efficient cell type (Reinartz
et al. 2016). The presence, location, extent,
and structure of MALT, including the ring of
lymphoid tissue in the naso-oropharynx known
as the Waldeyer’s ring, varies among different
domestic animal species (Casteleyn et al. 2011,
Kumar & Timoney 2005b-d, Kumar & Timoney
20006, Liebler-Tenorio & Pabst 2006).

The oral mucosa plays an important
role in the development of immunological
tolerance. It has been suggested that MALT
is biased towards tolerance to antigens due to
the extensive exposure to commensal bacteria,
food, and environmental material (Reinartz et
al. 2016). These qualities make the oral mucosa
an attractive site for allergen immunotherapy
(AIT) and sublingual immunotherapy (SLIT)
is being practiced in humans as an alternative
to subcutaneous injections (SCIT) (Dorofeeva
et al. 2021, Passalacqua et al 2020). SLIT is
currently being developed to treat equine insect
bite hypersensitivity (IBH), using transgenic
barley and specially designed bits which
prolong the time of the barley in the mouth
(Jonsdottir et al. 2017). In connection with this
research, a pilot study to explore the equine
oral cavity was executed, in which an extensive
sampling of the oral mucosa of two Icelandic
horses was performed (Tryggvason L 2015).
The study revealed organized lymphatic tissue
present in the mucosa covering the bars of the
mandibles and beneath the tongue, in addition
to the known tonsillar tissues of the Waldeyer’s
ring (Casteleyn et al. 2011, Kumar & Timoney
2005b-d, Kumar & Timoney 2006, Liebler-
Tenorio & Pabst 2006).

Theaimofthe present study was to investigate
the presence of MALT in the sublingual and bar
areas of the mandibles of Icelandic horses of
different ages and the cellular components of
this lymphatic tissue.

MATERIAL AND METHODS

Heads of two healthy Icelandic horses, a
4-5-year-old colt and a 5-6-month-old foal,
were obtained from an abattoir and brought to
the Institute at Keldur, where multiple samples
from the oral mucosa were collected. Specimens
for histology and immunohistochemistry (IHC)
were dissected from the floor of the oral cavity
beneath the free part of the tongue, including
one on either side of, and two rostral to, the
frenulum. Four sampling sites were at the
gingival-buccal junction along the bars of the
mandibles (Figure 1). Two specimens were
taken from each location, with one specimen
immersed in 10% neutral-buffered formalin and
the other in Formalin Free Fixative, Accustain™
(Sigma-Aldrich Co, A542). Procuring Accustain
fixed tissue was deemed necessary as antibodies
work variably well in formalin-fixed tissue.

Additional material was collected at an
abattoir, where tissue samples were dissected
from the same areas of the oral cavity from 5
Icelandic slaughtered horses aged from 11 to 22
years. The samples were fixed in 10% neutral-
buffered formalin for histology.

Formalin- and Accustain-fixed tissues were
trimmed within 5 days after fixation, processed
routinely, paraffin embedded, sectioned at 4
mm, mounted on Superfrost microscope slides
and stained with haematoxylin-eosin (HE) for
histological examination. Cut sections of the
formalin- and Accustain-fixed samples from the
colt and the foal were also collected on Starfrost
slides for IHC (Table 1).

For IHC, sections of formalin- and Accustain-
fixed tissue slides were incubated with the
primary antibodies at dilutions 1:100 (MHC-
II) for one hour at room temperature (RT), and
1:25 (CD3), 1:100 (CD20cy), and 1:25 (CD79a)
overnight at 4 °C. The slides were then incubated
for 30 minutes at RT with the relevant secondary
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Figure 1. Oral cavity of an Icelandic foal showing
areas of tissue sampling.

Four sampling sites along the buccal side of the
mandibular bars (Al — A4). Four samples from the
floor of the mouth beneath the free part of the tongue:
on either side of the lingual frenulum (B), and rostral
to the lingual frenulum (C1 and C2).

antibodies, ready to use Kit K-1500 for MHC-II,
and dilutions 1:100 (CD3) and 1:300 (CD20cy
and CD79a). Streptavidin HRP (MHC-II), PAP
(CD3) or Streptavidin AP (CD20cy and CD79a)
was then applied, followed by the substrate
solution, DAB (3,3’-diaminobenzidine) or
Fast red with Levamisol. After washing, all
slides were counterstained with haematoxylin.
Formalin-fixed and frozen samples of equine
skin, tonsil, and lymph nodes were used as
positive controls. For negative controls, slides
were incubated with reagent buffer in place of
the primary antibody.

RESULTS
Dense lymphatic tissue was present in the lamina
propria mucosa in the vicinity of the lingual
frenulum and in the bar area of the mandibles of
horses aged 6-months-22 years. The lymphatic
tissue in the sampled areas consisted of both
solitary and variably sized aggregates of
lymph nodules (Figures 2a-c). There were also
small clusters of loose lymphatic tissue in the
superficial lamina propria mucosa, with mainly
lymphocytes and the occasional plasma cell.
The lymphatic tissue associated with the
tongue was present at the attachment of, and
rostrally to, the frenulum (B, C1, C2 in Figure
1, Figure 2b and Figure 3c-¢), with the largest
aggregates of lymph nodules being on either
side of the lingual frenulum (B in Figure 1,
Figure 2b and Figure 3c-d). Solitary lymph
nodules were the main lymphatic tissue seen
in all four sampling sites of the mandibular bar

Table 1. Antibodies and immunohistochemical staining procedures.

Antibody Clone Secondary Detection Substrate
antibody solution

Mouse anti-horse-MHC II"  CVS20 Kit K-1500" Rabbit &  Streptavidin HRP DAB’
mouse

Rabbit anti-human CD3" Polyclonal ~ Swine Anti-rabbit” Rabbit PAPY DAB

Mouse anti-human L26 Biotin. rabbit Anti- Streptavidin APS Fast Red +

CD20cy" mouse” Levamisol"

Mouse anti-human CD79a" HMS57 Biotin. rabbit Anti- Streptavidin AP Fast Red +
mouse” Levamisol

" Bio-Rad Laboratories, Inc Ltd, UK

" Dako, Denmark

Sigma-Aldrich Chemie GmbH, Germany
§GE Healthcare UK Limited, UK
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Figure 2. Representative illustration of haematoxylin-eosin-stained sections of formalin-fixed tissue sampled
from the oral cavity of Icelandic horses.
a.  Solitary lymph nodule in the lamina propria mucosa of the mandibular bar area; 4-5-year-old colt.

b.  Aggregates of lymph nodules in the lamina propria mucosa, lateral to the lingual frenulum; 18-year-old horse.

c.  Solitary lymph nodule in the lamina propria mucosa of the mandibular bar area. Irregular pegs from the mucosal

epithelial lining extend down to the lymphatic tissue; 21-year-old horse.

d.  The mucosal epithelial lining lateral to the lingual frenulum has irregular pegs with indistinct borders due to

numerous infiltrating leukocytes; 5-6-month-old foal.

Bar =100 mm

area (Al-4 in Figure 1, Figure 2a and c, and
Figure 3a and b).

The oral cavity in these regions was lined
by a non-keratinized squamous epithelium
with short, plump, somewhat irregular pegs
extending into the lamina propria mucosa. In
areas, the epithelium was slightly indented,
sometimes attenuated, and indistinct because of
infiltrating leukocytes (Figures 2d and 3f), but
no follicular crypts or M-cells were seen.

For the antibodies detecting MHC-II, CD3,
CD20cy and CD79a, the results of IHC for

formalin- and Accustain fixed samples were
comparable. CD20cy and CD79a positive
B-cells were the predominant cell type in the
lymph nodules, with CD3 positive T-cells at
the outer borders (Figures 3a-d). A mixture of
B- and T-lymphocytes were in the internodular
areas of aggregated lymph nodules and in the
adjacent diffuse lymphatic tissue (Figure 3a-
d). Many of the cells in the dense and adjacent
diffuse lymphatic tissue expressed MHC-II, as
well as cells around blood vessels just beneath
the mucosal epithelial lining (Figure 3e). Cells
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Figure 3. Representative illustration of immunohistochemical stained sections of fixed tissue sampled from the
oral cavity of Icelandic horses.

a.

CD3 positive T-lymphocyte form a cap towards the oral cavity on a solitary lymph nodule in the mandibular bar
area, same location as in figure 2a; 4-5-year-old colt.

CD20yc positive B-cells are the predominant cell type in a solitary lymph nodule in the mandibular bar area and
B-cells are also present in the loose lymphatic tissue surrounding the nodule; 5-6-month-old foal.

Aggreagates of lymph nodules lateral to the lingual frenulum. CD3 positive T- lymphocytes are at the outer
borders and between the lymph nodules; 5-6-month-old foal.

Same area as in figure 3¢ with CD20yc positive B-cells prevailing in the lymph nodules.

Numerous MHC-II positive leukocytes in two lymph nodules and in the loose lymphatic tissue beneath the
mucosal epithelium, lateral to the lingual frenulum; 4-5-year-old colt.

Attenuated, irregular mucosal epithelial lining in the mandibular bar area, with blurred outlines due to infiltrating
MHC-II positive leukocytes; 5-6-month-old foal.

Formalin-fixed samples; figures a-d. Accustain-fixed samples; figures e and f. Bar = 100 mm
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infiltrating the mucosal epithelium were MHC-
I (Figure 3f) and CD3 positive, with fewer
CD20cy and CD79a positive cells.

DISCUSSION

The present study verified the presence of
dense lymphatic tissue in the oral mucosa
beneath the tongue and in the bar area of the
mandibles in Icelandic horses. Histological
and immunohistochemical composition of
this lymphatic tissue fulfils the criteria of
MALT in general and non-cryptic tonsils in
particular, corresponding to tonsillar tissue in
other parts of the oral cavity (Liebler-Tenorio
& Pabst 2006, Casteleyn et al 2011, Kumar
& Timoney 2005b). Lymphatic tissue at these
two locations of the rostral oral cavity persists
into adult life and does not involute like the
ileal Peyer’s patches (IPP), as it was present in
horses age under 1 year and up to 22 years. This
study did not, however, ascertain whether this
lymphatic tissue was constitutively present or
whether, like the bronchial associated lymphoid
tissue (BALT) in horses, it develops after
antigen encounter (Liebler-Tenorio & Pabst R
2006). The mucosal lining, with its infiltrating
leukocytes, also parallels the description of the
follicular associated epithelium (FAE) of other
tonsillar tissues (Liebler-Tenorio & Pabst 2006,
Kumar & Timoney 2005a).

MHC-II positive cells were present in this
lymphatic tissue and in the mucosal epithelium,
but the present study could not verify whether
they  represented  professional  antigen-
presenting cells. Several specific antibodies for
antigen-presenting cells were tested on formalin
and Accustain-fixed tissue, in addition to frozen
tissue sampled from the foal and the colt,
without positive results.

This paper describes MALT in the rostral
oral cavity of Icelandic horses that should make
allergen-specific immunotherapy via the oral
mucosa feasible (Jonsdottir S 2017).
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Tree-ring width and stable isotope analyses of Picea sitchensis from
Iceland reveal growth potential under predicted climate change
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ABSTRACT

Sitka spruce has been one of the most planted tree species in Iceland since the mid-twentieth century. Here,
we use different dendrochronological methods to identify the controlling climatic factors of its growth and
possible changes in their influence over time. We develop annually resolved and absolutely dated measurements
of tree-ring width (TRW) from 21 trees and oxygen (8'*0) and carbon (8'C) stable isotopes from six trees to
evaluate growth trends and climate sensitivity in Iceland’s Hallormsstadur National Forest over the past 54 years
(1965-2018). Warmer and wetter summers in the last few decades have resulted in significantly increasing radial
growth. While TRW and 8"C reflect strong July-August temperature signals, with the highest correlation for
July, 8'30 is mainly controlled by the temperature in March. The occurrence of negative pointer years in TRW
decreases with increasing temperature in July but increases with excessive precipitation in August. Our study
shows great continued potential for Sitka spruce cultivation in Iceland.

Keywords: afforestation, climate change, precipitation, dendrochronology, temperature

YFIRLIT

Meelingar d drhringjabreiddum og stoougra samseetna i sitkagrein frd Islandi syna vaxtargetu vio spar um
loftslagsbreytingar.

Fra midri tuttugustu ldinni hefur sitkagreni verid ein af mest grodursettu trjategundum a {slandi. Vid notudum
aoferdir arhringjarannsokna til ad greina pa umhverfispeetti sem hafa mestu ahrif & voxt og vidgang sitkagrenis
a Hallormsstad og per breytingar sem hafa ordid 4 dhrifum umhverfispatta gegnum arinn. Vid byggdum upp
timatal fyrir arhringjavoxtinn med pvi ad meela breiddir arhringjanna i 21 tré, pannig ad hver arhringur fékk sitt
artal og medalbreidd. Einnig maldum vid stodugar samsatur surefnis (8'*0) og kolefnis (8'°C) { arhringjum
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sex trjaa. betta var framkvaemt til pess ad meta arlegan voxt og ahrif vedurfars 4 vidgang trjanna/skogarins.

Synum var safnad i Hallormsstadarskogi og naert arhringjatimatalid aftur til arsins 1965 eda sidustu 54 arin

(1965-2018). HIyr og rék sumur 4 sidustu aratuga hafa leitt til verulegs aukins pvermalsvaxtar i sitkagreninu. A

medan arhringjavoxtur og 8"3C endurspeglar goda fylgni vid sumarhita i juli-agust og haestu fylgni fyrir juli hita

er 80 adallega stjornad af hitastigi i mars. Tidni neikvads arhringjavaxtar minnkar med hakkandi hitastigi i

juli en eykst ef dgustmanudur er trkomusamur. Rannsokn okkar synir ad framtidarhorfur raektunar sitkagrenis

eru godar 4 [slandi pratt fyrir vaentanlegar breytingar 4 vedurfari.

INTRODUCTION

Sitka spruce (Picea sitchensis) is one of the
most important species used for afforestation in
Iceland, accounting for 14 % of all trees planted
from 1940 to 1998 (Sigurdsson & Snorrason
2000). Afforestation by planting trees, especially
exotic spruces, pines and larches, was very
intensive in the 1950s and the first half of the
1960s (Blondal & Gunnarsson 1999, as cited in
Reynisson 2011). Planting declined after 1963
when extreme spring frost damaged a large
proportion of planted forests in southern and
western Iceland. The afforestation programme
was restarted at the end of the 20th century
(Eggertsson et al. 2008) to increase carbon
sequestration in forests, vegetation and soil
(Sigurdsson & Snorrason 2000). Sitka spruce
plays a key role in afforestation, as it makes up
the largest growing stock of any exotic planted
tree species (Snorrason et al. 2005).

In June 2020, the Icelandic government
published an updated Climate Action Plan
(Government of Iceland 2020), an important aim
of which was to increase carbon sequestration
through improved land use, land use change
and forestry. Changing climate conditions
can markedly influence the growth and
vitality of cultivated forests and consequently
amount of carbon sequestration. Therefore,
a better understanding of the climate-growth
relationship is fundamental for forest carbon
stock prediction. It may contribute to improved
decision-making about the potential of Sitka
spruce for commercial timber production, as
well as for carbon sequestration under current
and projected Icelandic climatic conditions.

Several tree-ring studies of Sitka spruce
have been carried out within the natural
distribution of Sitka spruce in North America

(Wiles et al. 1998, Barclay et al. 1999), as well
as outside its natural distribution, where Sitka
has been planted because of its fast growth
and relative resistance, e.g., Norway, Iceland,
Scotland, Denmark, Poland and Estonia
(Feliksik & Wilczynski 2008 & 2009, Vihermaa
2010, Huang 2017, Ladnelaid & Helama 2019,
Kasesalu et al. 2019, Kuckuk et al. 2021).
However, in these studies climate sensitivity
was assessed using conventional tree-ring
width. Missing from these studies was the
exploitation of other tree-ring parameters more
sensitive to environmental factors that allow a
better understanding of climate change impacts,
processes of physiological acclimation, and
succession.

Dendrochronological analyses have been
carried out in Iceland to examine the effects of
climate change on various native species, both
trees and shrubs (e.g., Levani¢ & Eggertsson
2008, Piermattei et al. 2017, Hannak &
Eggertsson 2020, Phulara et al. 2022, Frigo
et al. 2023, Opata-Owczarek et al. 2024). Our
study complements the results of these analyses
with findings from non-native Picea sitchensis.

We selected one of the oldest forest stands in
Iceland, planted in the 1960s, to retrospectively
evaluate its radial growth and climate sensitivity
in relation to its potential for future planting
in sub-Arctic regions. The main aims of our
research were 1) to evaluate the growth trends
of Sitka spruce over the last ~60 years, and ii) to
explore its climate sensitivity and limitations
using tree-ring width and stable carbon and
oxygen isotope ratios of non-pooled, annually
resolved tree rings. Our hypotheses were: 1)
Sitka spruce growth is mainly influenced by the
temperature in the growing season; precipitation
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does not have a significant effect on growth due
to relatively high amounts of precipitation; ii)
anthropogenic climate change has already led to
enhanced radial growth. A better understanding
of growth trends and the climate factors
driving them can contribute to assessing the
potential of Sitka spruce in Iceland, both from
an environmental (carbon sequestration) and
timber production perspective.

MATERIALS AND METHODS

Study area and climatic data

The Picea sitchensis sampling site is located in
Hallormsstadur National Forest in East Iceland
(Figure 1, Table 1). The forest covers an area
of 740 hectares, most of which is dominated by
native birch, but there are also cultivated forests
of various species and experimental forests.
In June 2019, we selected 21 representative
dominant trees in the forest stand and measured
their height and circumference at breast height
(1.3 m above ground level). As a measure of tree
crown condition, we further evaluated two basic
parameters visually (Cudlin et al. 2001) — total
defoliation (%) and discoloration, i.e., yellowing
and browning (as a % of the total volume of a
crown with discoloration). We evaluated the
parameters at intervals of 5 % based on the scale
defined by Cudlin et al. (2001) (Table 1).

0 50 100 200 km
S i |

Figure 1. Location of the study site (red circle) and meteorological stations (black triangles). Coordinates of
climate stations: Grimsarvirkjun — N 65°08°15.1” W 14°31°56.4”; Hallormsstadur — N 65°05°39” W 14°43°1”;
Egilsstadir — N 65°16°12” W 14°23°32”",

Table 1. Hallormsstadur sampling site — stand
information and mean climatic conditions

Latitude/Longitude N 65°06°10.5” W 14°43°42.2”
TREE

PARAMETERS Min.-Max. Mean
Tree height 18.4-23.6 m 20.8 m
Circumference at  92—-156 cm 120.3 cm
breast height

Defoliation 5-25% 11.7 %
Discoloration absent absent
CLIMATE

CONDITIONS

1965-2018* Min.-Max. Mean
Annual 1.5-5.2°C 3.6°C
temperature

May-August 7.0-10.4 °C 8.8°C
temperature

Annual 332-1,669 mm 833 mm
precipitation

May-August 51-340 mm 169 mm
precipitation

* determined on the basis of data compiled from three
meteorological stations

Climate data from three meteorological stations
were available and relevant for the study area
(Figure 1). The Hallormsstadur station data
are discontinuous for temperature (19651989
and 1997-2018) and precipitation (1965-1989
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and 2002-2018). The Egilsstadir station data
were available only for temperature and cover
the whole study period (1965-2018). The
Grimsarvirkjun station data were recorded
only for precipitation from 1965 to 2013. Since
none of the stations provided temperature and
precipitation measurements covering the whole
study period (1965-2018), we averaged data
from the stations into one series for each climate
parameter. To verify the average temperature and
precipitation data, we compared the averaged
station series with climate data from the
Climate Research Unit — CRU database (CRU
TS4.04; via http://climexp.knmi.nl), which
are frequently used in dendroclimatological
studies. The comparison shows that CRU data
underestimated temperatures and overestimated
precipitation, as might be expected in the
conditions of Iceland, which are characterised by
great spatial variability of climatic parameters
(especially precipitation). However, the climate
data from both resources are highly correlated
(Figure 2). Based on these findings, we decided
to use averaged data from meteorological
stations for the further analysis.

The climate conditions are characterised
by high variability in annual precipitation
(with a minimum of 332 mm in 1965 and a
maximum of 1,669 mm in 2002), with highest
rainfall in November and December (a total
of 736 mm in these two months). The annual
mean temperature was lowest in 1979 (1.5 °C)
and highest in 2014 (5.2 °C). Monthly mean
temperatures from December to March were
below 0 °C. The warmest months were July and
August with mean temperatures slightly above
10 °C.

Tree-ring width and stable isotope
measurement

We extracted one core per tree at breast height
(Kirdyanov etal.2018) from all 21 selected trees,
using a Pressler borer (Haglof Company Group,
Sweden) with a 5S-mm inner diameter. Tree-ring
width was measured on the cores, using a VIAS
TimeTable device with a measurement length of
78 cm (SCIEM, Vienna, Austria). The obtained
TRW series were cross-dated and corrected

for missing and false rings, using both PAST4
(Knibbe 2004) and COFECHA (Grissino-Mayer
2001, Holmes 1983).

Then, six randomly selected and absolutely
dated Sitka spruce core samples were separated
with annual resolution. We selected this sample
size to maintain sufficient climate signal strength
for the isotopic chronologies and in recognition
of the financial expense of isotope analysis
(Rybnicek et al. 2021). Each tree ring was cut
into small pieces with a razor blade under a
stereomicroscope and packed into F57 Teflon
filter bags (Ankom Technology, USA) for alpha-
cellulose extraction according to the modified
Jayme-Wise isolation method as described in
Urban et al. (2021).

The homogenised samples of alpha-
cellulose (0.8-1.0 mg) were weighed into tin
and silver capsules to determine carbon and
oxygen isotopes, respectively. For the 8"C,
the alpha-cellulose was combusted to CO,
at 960 °C, while it was pyrolysed to CO at
1,450 °C for 30 measurement using a vario
PYRO cube elemental analyser (Elementar
Analysensysteme, Germany). Theratios between
heavy ("*C and '*0) and light ('2C and '°O) stable
isotopes were determined using an IsoPrime100
continuous flow mass spectrometer (Isoprime,
UK). The spectrometer was internally calibrated
using certified analytical standards with known
isotopic ratios: caffeine (IAEA-600) and
graphite (USGS24) for 6'*C and benzoic acids
(TAEA-601 and TAEA-602) for 6'*0. The 6"*C
and 6'%0 values (%o) are expressed relative to
the Vienna Pee Dee Belemnite (VPDB) and
Vienna Standard Mean Ocean Water (VSMOW)
standards, respectively. In addition, the 8'3C
series were corrected for atmospheric *C
depletion due to fossil fuel burning using a '*C
Suess correction model based on Mauna Loa
atmospheric CO, concentrations (Dombrosky
2020). For further details see Urban et al. (2021)
and Romer et al. (2023).

Growth trends of the raw TRW, 8"3C and
8"%0 chronologies, as well as the trends of
the climatic parameters used (temperature
and precipitation), were assessed over the
study period (1965-2018), and their statistical
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Figure 2. Comparison of CRU climate data and meteorological station data: a) annual mean air temperature
with linear trend; b) annual precipitation with linear trend.

significance was determined using the Mann-
Kendall test. Pettitt’s test (Pettitt 1979) was
applied to detect a single change-point in the
chronologies, as well as in the meteorological
series.

Non-climatic, size- and age-related growth
trends and other factors were removed from
the individual series by applying four different
detrending techniques in Arstan (Cook &
Krusic, 2005): cubic smoothing splines with
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a 50 % frequency response cutoff
at 32 and 50 years (spline32,
spline50), negative exponential E
function (neg exp) and regional %
curve standardisation (rcs). All
methods were used to preserve high
frequency (inter-annual) variations
for climate-growth analysis (Cook
& Peters 1981). All indices were
calculated as residuals after the
adaptive power transformation of
the raw data to minimise end-effect
problems (Cook & Peters 1997).
Chronologies were calculated using
bi-weight robust means. Internal
signal strength was assessed using
inter-series correlation (Rbar) and
the expressed population signal
(EPS; Wigley et al. 1984). All
indexed chronologies, displaying
small differences among each other
(Figure 3), were used for correlations
with climate data (Figure 4).

Since detrending climate data
can better capture tree growth
sensitivity to climate (Ols et al.
2023), we detrended temperature
and precipitation series using the
same method as the TRW series. We
calculated correlation coefficients
between the indexed chronologies
and climatic parameters in the
period 1965-2018. Monthly
values of climatic parameters
from January to August of the
year of tree-ring formation were
considered. The correlations were
calculated for monthly values, as
well as seasonal means for January-
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August (vegetation period), and  exp, rcs) of tree-ring width (a), 3°C (b) and §'*O (c). Dashed lines
July-August (summer months with  in the raw chronologies are polynomial trend lines, dotted lines are
expected highest effect). As the best  linear trend lines.

correlation results were obtained

using cubic smoothing splines with  analyses. For the periods with the strongest significant
a 50 % frequency response cutoff at  correlations, we performed 19-year moving correlations
32 years (Figure 4a, 5), the spline32  (window +9 years) to test the stability of these relationships
chronology was used for further (Figure 4b).
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Furthermore, negative and positive extremes
of tree-ring width chronology were correlated
with the climate parameters to determine
their influence on the significantly reduced
or enhanced radial growth of Sitka spruce
trees. The negative/positive extremes were
determined for years in which residual TRWI
chronology exceeded the +1.0 multiple of a
standard deviation subtracted/added to the mean
(Jetschke et al. 2019). The threshold value was
arbitrarily defined to yield a sufficient number
of extreme years. The relationships between
the negative/positive extremes and climate
parameters were evaluated using a logistic
regression (Quinn & Keough 2002), for which
the binary response was coded as a “normal”
year (Value 0) or a negative/positive extreme
year (Value 1). Models were verified at the first
step using Wald’s test for regression parameters
and goodness of fit (Quinn & Keough 2002). At
the second step, only significant models were
tested using the likelihood ratio test. The model
was considered of merit if both of these tests
reached the 0.05 significance level.

RESULTS

Data characteristics

The chronologies covering the period 19652018
were replicated by 21 trees for TRW and by
six trees for stable carbon and oxygen isotopes.
The lowest first-order autocorrelation was
observed for the 30O chronology (0.246), while
for the 8"C (0.556) and TRW chronologies it
was more than double (0.683), which indicated
much greater temporal memory. The highest
year-to-year variability, expressed as the mean
sensitivity, was observed for TRW (0.228),
whereas the values for carbon and oxygen stable
isotopes were close to zero (0.036 and 0.028,
respectively).

The average tree-ring width varied between
1.34 (1965) mm and 5.43 mm (2014). TRW
had a statistically significant increasing growth
trend (Mann-Kednall test, S = 681, p < 0.001),
especially in the last ten years (Figure 3a). Based
on Pettitt’s test, the significant change point of
the linear trend occurred in 1993 (p < 0.00005).

The mean carbon and oxygen isotope values
were -24.13%0 (3"°C) and 30.42%0 (5"0),
respectively. The standard deviations were 0.74
for 8"°C and 0.60 for 86"0. During the study
period 19652018, stable isotopic chronologies
also demonstrated an increasing linear trend
(Figure 3b, c), statistically significant for 5'*0
(Mann-Kednall test, S = 484, p < 0.0004) but
not significant for 6'°C (Mann-Kednall test, S =
191, p=0.1563).

The statistically significant increasing
positive trend was also observed for both mean
annual temperatures (Mann-Kednall test, S =
694, p < 0.001) and for annual precipitation
totals (Mann-Kednall test, S = 394, p < 0.01)
(Figure 2). Pettitt’s test revealed the significant
change point of the linear trend only for annual
mean temperature in 1999 (p < 0.001).

Climate sensitivity

We correlated the detrended climate data with
the residual TRW, 8'3C and 4'*O chronologies.
TRW and 6C reflected mainly a positive
temperature signal, especially in summer
(Figure 4a). The strongest correlations for
both TRW and 8“C were identified for July
(r=0.470 and 0.492, respectively) and July-
August (r=0.446 and 0.522, respectively).
8'%0 is mainly controlled by temperature in the
winter and spring months (mostly March with
r=0.337); however, the strongest correlations
were identified for January-August temperature
(r=0.450).

We made 19-year moving correlations for
the period with the strongest correlations (Figure
4b), to assess their temporal variability within
a relatively short chronology. The relationship
between the July-August temperature and
TRWI was statistically significant only
during the 1980s and the 1990s, otherwise the
correlations were slightly below the significance
level. The relationship between the July-August
temperature and 8"°C was stable and significant
for the whole period. The relationship between
the January-August temperature and 6'°C was
above the significance level until the late 1980s,
when it dropped and ranged between 0.3 and 0.4.
The relationship between the January-August
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Table 2. Logistic regression results — relationships between negative pointer years and climatic parameters

Extremes  Climatic parameter Estimate Std. error  zvalue p (>I2)) Eggli::l:t()d
Neati Temperature (July) -0.8069 3.1664 -2.535 0.0395 0.005
egative
s Precipitation (August) 0.0341 0.0127 2.677 0.0074 0.003

temperature and 6'30 was also relatively stable
for the whole period; the correlation coefficient
values were around the significance threshold.

Precipitation does not play an important
role for Sitka spruce growth. None of the three
tree-ring parameters showed any significant
correlations (Figure 5) except for a relationship
between TRWI and August precipitation (r=-
0.275).

To assess abrupt growth changes in
TRW, positive and negative pointer years
were calculated. We identified eight negative
pointer years (1965, 1981, 1985, 1988, 1992,
2001, 2007, 2015) and seven positive pointer
years (1974, 1976, 1983, 1994, 1999, 2010,
2016). We found two statistically significant
relationships between negative pointer years
and climatic parameters. The probability of a
negative pointer year occurrence decreased with
increasing temperature in July and increased
with increasing precipitation in August (Table
2). We found no relationship between positive
pointer years and climatic parameters.

DISCUSSION

Climatic signals

The natural occurrence of Picea sitchensis is
associated with hypermaritime to maritime
cool mesothermal climate conditions (Klinka
et al. 1990), i.e., arcas with high annual
precipitation and cool moist summers (Franklin
et al. 1972, Griffith 1992). The best sites for
Sitka spruce have deep, moist, well-drained
soils. Hallormsstadur is a cold site with high
annual precipitation (Table 1, Figure 2), i.e.,
it has good conditions for the growth of Sitka
spruce. Tree-ring width has an increasing trend,
especially in the last ten years (Figure 3a).
We found significant positive correlations of
tree-ring parameters with temperature in the

growing season and the absence of significant
correlations with precipitation. The positive
effect of summer temperatures on radial growth
is confirmed by the observed decreasing
probability of a negative pointer year occurrence
with increasing July temperature (Table 2). Our
findings are consistent with other studies from
northern regions, especially from Alaska, where
summer temperatures have been identified
as a major driver of tree ring development of
Sitka spruce, and where precipitation plays
only a minor role (Wiles et al. 1998, Barclay
et al. 1999). Summer temperatures have
been identified as a major factor positively
controlling tree-ring width even for plantings
in the Southern Hemisphere, specifically on
subantarctic Campbell Island (Palmer et al.
2017). However, in areas with higher average
temperatures  (Poland, Estonia, Scotland,
Denmark), temperature often had no effect on
tree-ring width (Vihermaa 2010, Huang 2017)
or had only negative effect (Vihermaa 2010).
If a positive effect was identified for this areas,
it was found only for winter and early spring
(Feliksik & Wilczynski 2008 & 2009, Léaanelaid
& Helama 2019). On the contrary, the effect of
precipitation on tree-ring width has occurred at
the expense of temperature, and in particular,
the positive effect of precipitation in the summer
months (Feliksik & Wilczynski 2008 & 2009,
Vihermaa 2010, Huang 2017, Lédnelaid &
Helama 2019).

We found increasing trends in 8"C and
80 values and in their significant positive
correlations with temperature during the
growing season. Values of 3"C depend on
factors influencing the photosynthetic uptake
of CO, and are primarily controlled by stomatal
conductance and the rate of carboxylation
during photosynthesis (Farquhar et al. 1989).
On the contrary, 8'%0 values are closely related
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to the isotopic composition of the source water
and the rate of H,O transpiration (Barbour
& Farquhar 2004). Enhanced transpiration, a
process stimulated by high temperature and low
relative air humidity, leads to the enrichment
of O in leaves and subsequently its higher
representation in synthesised carbohydrates
and cellulose (Porter et al. 2009, Esper et al.
2018). Accordingly, the climatic signal of 30
decreases in the cold and wet environments of
arctic regions.

It is well known that stomata close under
water-limited conditions. The consequent low
conductance for CO, diffusion through stomata
reduces "*C discrimination in plants and leads
to changes in 8"3C (Gagen et al. 2004, Porter
et al. 2009). In humid conditions, however, the
key factors influencing 33C are solar radiation
and temperature, modulating the photosynthetic
activity of the Rubisco enzyme (McCarroll et
al. 2003, Gagen et al. 2007, Porter et al. 2009).
Therefore, temperature was expected to be
the main factor affecting isotope values at the
well-watered Hallormsstadur site, and this was
confirmed by our analyses.

Studies of the climate sensitivity of tree-
ring 3"3C and 8'0 of Sitka spruce are missing.
Research on other coniferous trees have shown
most frequently a positive correlation with
annual or summer temperature, which is in
agreement with our findings for Sitka spruce
(Figure 4). Positive correlations of summer
temperature with 8'3C, 6'%0 (or both) have been
identified for: Pinus sylvestris in the French
Alps (Gagen et al. 2004), Switzerland (Sauer
et al. 2008) and Sweden (Esper et al. 2018);
Abies alba and Picea abies in Switzerland and
Germany (Sauer et al. 2008, Weigt et al. 2015);
Picea glauca in North Canada (Porter et al.
2009); Larix decidua in the French and Swiss
Alps (Daux et al. 2011, Esper et al. 2020); and
Pseudotsuga menziesii in Germany (Weigt et al.
2015).

The most significant correlations between
temperature and tree-ring parameters were
relatively stable over time (Figure 4a). The
decrease of the correlation observed between
July-August temperature and TRWI at the end

of the observation period may be related to the
“divergence problem” (described in Brifa et al.
1998). A similar change of positive correlations
with summer temperature for Picea abies in
Norway has been found, when the positive effect
of temperature lost its significance after 2000
(Cermak et al. 2019). Some possible explanations
relate the divergence anomaly to a response to
climate change. Changes in climatic parameters
can be non-linear; different variables can have a
different course of change. Tree-ring width might
be controlled by variables other than average
temperature, such as maximum and minimum
temperatures (D’Arrigo et al. 2008).

Potential Sitka spruce for forestry in Iceland
Recent studies from Sweden and Iceland show
that Sitka spruce grows much better (it has
bigger volume production) than Norway spruce
in Scandinavia (Tengberg 2005, Reynisson
2011). The high growth potential of Sitka
spruce is also shown by individual-tree growth
models based on data from permanent sample
plots established by the Icelandic Forest
Service between 1970 and 2020 (Heidarsson et
al. 2022). When considering its further use in
plantings in Iceland, we must take into account
some of its problematic properties. Sitka spruce
can have a large capacity for spread, as found
out Nygaard & @yen (2017) for coastal Norway,
and its stands provide poor habitats for native
species of lichen, moss and vascular plants
(Elmarsdottir et al. 2008, Bidne 2016). We can
expect that some biotic risks will increase as the
climate changes. Increasing winter temperatures
can promote larger overwintering populations
of insect pests — for example, green spruce aphid
(Elatobium abietinum) — which is an important
defoliating pest of Sitka spruce in Iceland,
especially in the south and east coastal regions
(Blondal 1987, Day et al. 1998, Kuckuk et al.
2021). For the same reasons, an increase in the
occurrence and voracity of some defoliators of
other planted conifers can be expected as a result
of the extension of the pest ranges towards the
north, or the loss of regulatory factors limiting
their outbreak areas (Netherer & Schopf 2010,
Ammunét et al. 2012).
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Our results confirmed a stable radial growth
of Sitka spruce in Hallormsstadur, with an
increase in the last ten years (Figure 3). As
expected, its growth was mainly controlled by
summer temperatures (Figure 4). Precipitation
was characterised by high interannual variability,
but due to its generally high level it did not
have a significant effect on the growth of Sitka
spruce (Figure 2. 5). Given the current climatic
conditions, their expected trends in the future
and the ecological amplitude of Sitka spruce,
we can expect the species to continue its vital
growth. It can also be assumed that low average
temperatures in the summer months (especially
in July), which increase the likelihood of a
negative pointer year, will become less frequent
due to advancing climate change. From this
point of view, Sitka spruce still appears to be a
suitable tree species for cultivation in Iceland.
However, its growth potential and reactions to
changing climate condition should be assessed
again in a few decades, when more stands have
reached the rotation age.
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ABSTRACT

Black cottonwood (Populus balsamifera ssp. trichocarpa) was initially introduced to Iceland in 1944 from
the Kenai Peninsula in Alaska and has been widely planted in shelterbelts and afforestation projects since the
1980s. There is currently much interest in increasing the planting of black cottonwood, especially in carbon
sequestration projects, because of its rapid growth at an early age. Growth models simulate the growth of a forest
over time and are important tools for forest managers, researchers, and policymakers. This study presents, for the
first time, site index, individual-tree diameter increment and tree height models for even-aged black cottonwood
stands in Iceland. The data were collected from Icelandic national forest inventory (NFI) plots and from three
plots from a network of permanent sample plots (PSP). The NFI data were collected during 2005-2022, and the
PSP data were collected between 2009 and 2022. The model of McDill and Amateis was selected for predicting
site index and dominant height development, and the model of Schumacher was selected for predicting tree
height. For diameter increment modelling, an optimization-based modelling approach was found to be more
suitable than non-linear regression analysis. The models developed in this study can be used in forestry practice
and in optimization studies for thinned black cottonwood stands. The models produced simulation results that
corresponded to measured stand development.

Keywords: Growth model, individual-tree model, optimization-based modelling, plantation forestry

YFIRLIT

Jofnur sem lysa vexti alaskaaspar (Populus balsamifera L. ssp. trichocarpa) a islandi.

Alaskaosp var fyrst flutt til landsins fra Kenai i Alaska arid 1944 og hefur verid mikid notud i skjolbelta- og
skograekt fra 1980. [ dag er mikill 4hugi 4 aukinni notkun & alaskadsp, sérstaklega i kolefnisverkefnum vegna
hrads vaxtar snemma & aviskeidinu. Vaxtarjofnur spa fyrir um framtidarvoxt skoga og eru mikilvaeg verkferi
fyrir skogarstjornendur, visindamenn og stefnumotendur fyrir dkvardanartdku, medal annars i loftslagsmalum.
i pessari rannsokn eru birtar i fyrsta sinn jofnur sem lysa groskustigi, pvermalsvexti og haedarvexti trjaa fyrir
jafnaldra alaskaasparskoga & Islandi. Gognin sem notud voru i rannsékninni eru trjamalingar, adalega fra
islenskri skogaruttekt (ISU) en prir af maelifistunum eru fastir malifletir (FMF). Gégnunum tr [SU var safnad
a arabilinu 2005-2022 og gégnunum fra FMF var safnad a arabilinu 2009-2022. Til ad spa fyrir um groskustig
og yfirhedarvoxt skdga var valin adlogud jafna sem gerd var af McDill og Amateis og til ad spa fyrir um
haedarvoxt stakra trjaa var valin adlogud jafna gerd af Schumacher. Til ad spa fyrir um pvermalsvoxt trjaa var
notud bestunarnalgun (optimization approach) en htiin gaf nakvamari nidurstodu en blondud adhvarfsgreining
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(mixed-effect modelling). Jofnurnar sem adlagadar voru ad islenskum adstaedum i pessari rannsokn ma nota

til 4wtlanagerdar og ardsemisutreikninga i grisjudum alaskaasparskogum. Aztladur voxtur med jéfnunum er

samsvarandi vexti vidkomandi skoga.

INTRODUCTION

Today, black cottonwood (Populus balsamifera
L. ssp. trichocarpa (Torr. & Gray ex Hook.)
Brayshaw) is an important tree species in
Icelandic forestry, covering an area of 3900 ha,
or 7% of the cultivated forest in Iceland (data
from the Icelandic National Forest Inventory,
NFI). The species was initially introduced to
Iceland in 1944 from the Kenai Peninsula, Alaska
(Bragason 1995). Black cottonwood has become
an important urban tree in Iceland and has been
widely planted in shelterbelts and afforestation
projects since the 1980s (Oskarsson et al. 1990,
Sigurdsson 2001a). In Iceland, there is currently
much interest in increasing the planting of black
cottonwood, especially in carbon sequestration
projects, because of its rapid growth at an early
age.

No growth models exist for black cottonwood
in Iceland today, and scientific knowledge
regarding its growth, yield and management is
scant. The main reason for the lack of models
is the young age of Icelandic black cottonwood
plantations. A few recently published growth
studies on black cottonwood focused on diameter
growth, biomass and density (Eggertsson 2019,
Mikaelsson 2011, Johannsdéttir 2012), or on
fertilising and economic profit of short rotation
forestry (Bogason et al. 2018).

In the last decade, the development of tree
growth models has been ongoing in Iceland
(Heidarsson & Pukkala 2012, Heidarsson et al.
2022, Heidarsson et al. 2023). Growth models
simulate the growth of a forest over time and are
important tools for forest managers, researchers,
and policymakers. They help to optimize forest
management, such as thinning and harvesting,
to maximize timber production or economic
return while minimizing environmental impacts
(Weiskittel 2014). Advanced models can be used
to predict the effects of climate change on forest
growth. Model integration makes it possible
to develop forest management strategies that

mitigate the harmful effects of climate change,
while providing timber for forest industries and
income for forest landowners (Heinonen et al.
2018, Trouillier et al. 2020).

Generally, a growth model refers to a system
of equations that predict the growth and yield of
a forest stand under a wide variety of conditions
(Vanclay 1994). Growth models can be divided
into three broad categories: stand-level models,
individual-tree models, and diameter distribution
models (Munro 1974). Stand-level models
are developed using stand-level information
(Curtis et al. 1981, Vanclay 1994), whereas
individual-tree models predict individual tree
growth or mortality (Clutter et al. 1983, Palahi
& Pukkala, 2003). Diameter distribution models
use statistical probability density functions to
characterize the stand structure (Bailey & Dell
1973, Newton et al. 2005). Tree-level models
are further classified as distance-dependent
(spatial) or distance-independent (non-spatial)
models.

The recent trend in Iceland has been to
develop distance-independent individual tree
models (Heidarsson & Pukkala2012, Heidarsson
et al. 2022, Heidarsson et al. 2023). This type
of model was targeted also in the current study
because the available data contained no spatial
information. The model set we developed for
black cottonwood consists of a site index (SI)
model (top height growth model), a tree height
model, and an individual tree model for diameter
increment. We provide below the rationale for
the development of these three models.

For even-aged monocultures, SI models
are the most common tools for estimating site
productivity. SI is defined as the dominant
height, i.e. the average height of the 100
largest trees per hectare, at a chosen reference
age (Monserud 1984, Skovsgaard & Vancley
2008, Burkhart & Tomé 2012). For most tree
species, the height growth of dominant and co-
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dominant trees in a stand is a stable predictor of
site quality, because it is not much affected by
stand density or thinning operations, assuming
thinning from below (Cieszewski & Bella 1989,
Skovsgaard & Vancley 2008, Weiskittel et al.
2009, Burkhart & Tomé 2012). SI models are
widely used in forestry practice and research,
due to the strong correlation between stand
height and volume production (Vancley 1994,
Skovsgaard & Vancley 2008).

Information on tree heights is essential in
forest inventories for computing tree volumes.
Tree height information is also needed in growth
and yield simulators (Mechtitalo et al. 2015).
Because field measurements of tree height are
rather time-consuming and therefore expensive,
many forest inventories use predictive models
to get height estimates for the trees based on
their diameter.

Tree diameter increment is an important
metric for estimating wood production and
can be easily measured in inventories. Stand
management decisions, such as when and how
much to thin a stand, rely heavily on variables
derived from tree diameters. The development
of models for diameter increment usually
employs data from permanent plots, in which all
trees have been remeasured at regular intervals
(Juma et al. 2014).

To achieve the above, there is a reasonable
number of repeated measurements available
on black cottonwood plots for various regions
of Iceland. The datasets currently available
include mainly younger stands between 10 and
30 years in age. In these datasets, there is only
one unthinned control plot and a few plots in
which the planting density deviates from normal
densities.

This study aimed to develop a set of models
for site index, tree height and diameter increment
to predict the yield of black cottonwood
plantations in Iceland. Because of the young
age of the measured stands, these models should
be looked at as preliminary, their main purpose
being growth estimation in young stands over a
short period of time.

MATERIAL AND METHODS

Sample plot data

The data used for black cottonwood (Populus
balsamifera L. ssp. trichocarpa (Torr. & Gray
ex Hook.) Brayshaw) stands in this study
were mainly collected from Icelandic national
forest inventory plots (NFI). The NFI data are
a statistical sample of all forested land areas in
Iceland. Three plots of the dataset are permanent
sample plots (PSP) established by Land and
Forest Iceland for growth measurements. The
NFI data were collected during 2005-2022 and
the PSP data were collected between 2009 and
2022. The NFI data were collected from 14
permanent plots in 14 locations. The PSPs were
measured in two locations (Figure 1). All plots
are in planted, even-aged black cottonwood
stands, established by Land and Forest Iceland.
The NFI plots were remeasured with 5-year
intervals and included 42 growth periods
(Table 1). Two of the PSP plots were measured
annually, and one had a 9-year interval between
measurements.

The dataset covered different site types and
growth conditions, mainly from young stands.
All the locations have an oceanic climate
with an annual precipitation (1964-1990) of
700-1200 mm and a mean annual temperature
of 3.2-4.5°C (Vedurstofa Islands 2017). For
the same period, the mean maximum daytime
temperature during June—August was 12.9-13.6
°C (Vedurstofa Islands 2017). The range in plot
elevation was between 10 and 140 m a.s.l.

The sample plots were circular, and the size
of the plots varied between 0.01 and 0.02 ha.
On every measurement occasion, the diameter
at breast height (DBH, at 1.3 m) was measured
on all trees that had reached that height. On
some of the NFI plots, the total tree height
was measured only on sample trees. The tree
selection for height measurements was based
on DBH, and the aim was to get heights from
different DBH classes. Height was measured
with a measuring pole for trees shorter than 4
m and with Vertex Laser VL5 and Laser Tech
distance and height measurement instruments
for taller trees. Because of the young age of the
sampled forests, there was no mortality in the
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Table 1. Mean, standard deviation (SD) and range of the main
characteristics of the study material on black cottonwood in
Iceland. N: number of observations; DBH: diameter at breast
height; Growth: 5-year DBH growth; G: stand basal area; Age:

(Korf 1939), Schumacher (1939),
Chapman-Richards (Richards
1959) and the model of McDill
and Amateis (1992). All models

stand age; Hdom: dominant height.

predict the dominant height /7, at a
certain time point 7, using current

Variable N Mean SD Maximum Minimum dominant height H, and current age
DBH (cm) 813  6.15 4.86 39.0 0.0 T, as predictors:

Height (m) 737 474 2.88 234 0.31

Growth (cm) 813 281 173 10.4 0.1 H, =T, H, T>) +¢ (1)
G (m’ha) 42 7.58 11.09 45.6 0.01

Age (years) 42 219 6.59 48.0 12.0 When 7, is replaced by index age
Hdom (m) 42 626 3.88 232 2.07 and H, is replaced by site index
Growth periods 42 50 0 9.0 1.0 (dominant height at index age), the
Stems per hectare 42 1524 928 4400 400 model gives the dominant height

at age T, for site index H,. If H; is

i

the measured dominant height at
age T; and T, is the index age, the
model gives the site index. The
index age was taken as 50 years,
which has been previously used for
black cottonwood in Alaska (Shaw
& Packee 1998). Therefore, the site
index is defined to be the dominant
height of the stand at the age of 50
years.

Of the tested models, McDill
and Amateis (1992) was selected for
predicting site index and dominant

1:2.700.000

height development.

Figure 1. Geographical locations of the study sites in Iceland. The

red dots present the NFI plots, and the yellow triangles are PSP

plots.

dataset, and no attempt was made to model tree
survival. All regression models were fitted with
the R software, version 4.3.1 (Posit team 2023).

Site index modelling

Two datasets were tested in the site index
modelling: one with only first and last
height measurements and one with all height
measurements. Several functions commonly
used in the algebraic difference approach
(ADA) were tested (Palahi et al. 2004). The
tested functions were: Korf and Lundmark

4
PRI

where H; and T are, respectively,
dominant height and stand age at the first
measurement, /1, and 7, are the same variables
at the second measurement, a, and a, are
parameters to be estimated and ¢ is the random
error term of the equation.

Ha = )

Tree height modelling

The number of height observations available for
individual tree height modelling was 737. Based
on the study of Mehtitalo et al. (2015), the
following models were tested: Néslund (1937),
Schumacher (1939) and Curtis (1967). These



MODELS FOR SIMULATING THE GROWTH OF BLACK COTTONWOOD 29

models were the best among the 28 datasets
tested in that study. As the first step, fixed-
effect models were fitted. Then the models were
further developed by adding random plot factors
to the fixed parameters and the models. The
best combination of random plot factors was
obtained by testing all possible combinations.
Finally, the model of Schumacher (1939) was
selected for predicting tree height.

h=13+ (aO + alHdom) X exp [—{bo+b1Hdgm}

4 ]+£

3)

where 4 is the tree height, H,,, is the dominant
height, dis DBH, ay, a,, by, b, are fixed parameters
to be estimated. The estimated parameters of
the height model were modelled as a function
of dominant height, which allowed the height
curve to change along stand development.

Diameter increment modelling

Two different methods were tested to fit the
models for diameter increment: non-linear
regression analysis and the optimization-based
approach suggested by Pukkala et al. (2011)
and used earlier in Iceland by Heidarsson et
al. (2022) for Sitka spruce and Heidarsson
et al. (2023) for lodgepole pine. The model
had to include at least one predictor for each
of the following three influences: tree size,
competition, and site productivity. Tree size was
described by DBH and its transformations, and
the site index was used to describe the effect of
site productivity. To describe competition, stand
basal area and basal area in trees larger than the
subject tree were tested.

As the first step, regression analysis and
mixed-effect modelling were used to search for
the best transformations and combinations of
predictors for the model. The following model
turned out to be the most satisfactory:

BAL

2
ipgH = €Xp (aﬂ +a,lnd + a, (%) +a3G + asInSI + as ('/—d+1)> te

“)

where ipgy is the diameter increment (cm), d is

DBH (cm), G is the stand basal area (m*ha!), ST
is the site index (m), and BAL is the basal area in
larger trees than the subject tree (m?ha™).

The predicted variable in regression analysis
was a five-year diameter increment. Tests with
the regression model suggested that the model
may overestimate diameter increment in long-
term simulations if the stand is not thinned.
The probable reason for this outcome was that
the modelled effect of increasing basal area
on diameter increment was not strong enough,
i.e. regression analysis resulted in a too flat
relationship.

In two sample plots, tree diameters were
measured annually over six years. These plots
allowed us to see that the annual diameter
increment may decrease substantially during a
five-year measurement interval, most probably
because of increased competition (Figure 2).
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Figure 2. Relationship between diameter increment
and tree diameter in the first, third, and fifth year of a
five- year period in a plot where tree diameters were
measured annually (at age 18, 19 and 20 years) for
black cottonwood in Iceland.

To fully utilize the annually measured data
from the two plots and to improve the modelled
relationship between competition and diameter
increment, the model was refitted using the
optimization-based approach of Pukkala et al.
(2011). In this model, the predicted variable of
the model was annual diameter increment.

In the optimization-based approach, the tree
diameters of the first measurement are used to
start a simulation where tree growth is simulated
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from the first measurement to the second,
using a one-year time step. The parameters of
the diameter increment model are gradually
adjusted, by using an optimization algorithm,
so that the simulated diameter distribution at the
end of the measurement interval corresponds to
the measured diameter distribution of the trees.

The method minimizes a loss function, which
describes the difference between the simulated
and measured diameter distribution. The loss
function used both the distribution of basal area
and the distribution of the number of trees into
different diameter classes. The minimized loss
function was as follows:

minz(8) = T [T8, wye I, o, — 93,0 + 0.001 | - ns0)]]

)

where © is the set of coefficients (a,...
as of Equation 4) estimated as arg min
7(0), K is the number of plots, J; is the
number of measurement intervals of plot £,
I; is the number of 3-cm diameter classes in
measurement interval j of plot &, g;" and g;*(©)
are, respectively, measured and simulated
cumulative basal area (m’ha™') of diameter class
i at the end of measurement interval j of plot
k, and ny" and n;’(©) are, respectively, the
measured and simulated cumulative number of
trees per hectare in diameter class i at the end
of measurement interval j of plot £ (see, e.g.,
de-Miguel et al. 2014 for details). Symbol wy
is a weight. The number of trees in plot £ at the
beginning of period j was used as the weight.

The optimization-based modelling does not
produce direct information on the reliability
of the coefficients. Therefore, bootstrapping
(Varian 2005, Jin et al. 2019) was employed
to find out how much the coefficients vary
in repeated model fittings which are based on
different samples. The model was fitted 30
times, using random sampling with replacement.
The sample size was the same as the true
number of measurement intervals, but the same
measurement interval could be selected more
than once, and some measurement intervals may
not be selected for the sample.

RESULTS

Site index model

Of the tested site index models, the model of
McDill and Amateis minimized the RMSE and
the Akaike Information Criterion. Most of the
models tested predicted the dominant height
development similarly, but the behaviour of the
selected model outside the age and dominant
height range of modelling data was evaluated
to be the most logical for the model of McDill
and Amateis. Model versions based on all
observations vs. the first and the last observation
of each plot were almost identical (Figure 3).
The model based on the first and last top height
measurement is as follows:

- 1.4276
gy = 40.0182 % (T) (6)

1- (1-40.0182/Hgom) 50

Both parameters were significant at the 0.01
level. The coefficient of determination was 0.84
and the RMSE was 1.04 m.

When site index and stand age are known,
the model can be used to calculate the dominant
height for certain site index: Hy,, is replaced by
S1, stand age T is replaced by 50 (index age),
and 50 is replaced by stand age:

I = 40.0182 (50)1-4276
dom = y_"(1_40.0182/5I) T

(7

Figure 3 shows that the model followed the
patterns of the measured dominant heights of
the sample plots used in this study.

According to the model, the dominant
height growth reached the maximum at
different ages, depending on site productivity
(Figure 4). For site index SI 25 and SI 20,
the maximum was reached between 10 and
15 years, for site index SI 15 between 20 and
25 years and site index SI 10 between 30 to
35 years. At the age of 50 years, the annual
dominant height growth was 0.3 meters or
less in all site indices.
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0 10 20 30 40 50 60 70 80
Age

Figure 3. Dominant height curves for black cottonwood
in Iceland (thick black lines) for site indices 10, 15, 20
and 25 m (site index = dominant height at 50 years)
and the measured age and dominant height sequences
of the study plots (thin dashed lines). The red dotted
curve is the prediction for site index 15 based on the
fixed part of a mixed-effects model that was fitted
using all dominant height measurements of the dataset.

0.8
0.7
0.6
0.5
0.4
0.3
0.2

Annual height growth, m

0.1

0 10 20 30 40 50 60
Age, years

——SI25 —SI20 SI15 SI10

Figure 4. Annual height growth for different site
indices (SI) for black cottonwood in Iceland. From
above SI25, S120, SI15 and at the bottom SI10 (site
index = dominant height at 50 years).

Tree height model
The Schumacher model for tree height was as
follows:

A =13+ (0.0543 + up,) + (11594 + uy ) Haom)

X exp [_ (0.9747+0.:058Hd0m)] (8)

where is the tree height, H, is the dominant
height, d is DBH, and u,, and u , are random
factors for plot £ (Table 2).

The standard deviation of the residuals
(RMSE) for the mixed-effect model (when the

random effects are used in prediction) was 0.46
m (Table 2). When the tree height predictions
were calculated with the fixed part of the mixed-
effect model (assuming that the random effects
are zero), the RMSE was 0.62 m. The bias of the
fixed part of the mixed-effect model was —0.048
m, i.e. the model underestimated tree height on
average by 4.8 cm, which is not substantial. All
parameters except a, were significant at the 0.001
level, and the residuals were normally distributed
with a constant variance at different diameters
(Figure 5). Figure 6 shows that the tree diameter-
height curve rose when the stand developed.

Table 2. Standard deviations and correlations of the
random plot effects of the height model for black
cottonwood in Iceland (Equation 8).

Standard deviations Correlations
u,, 1.040 Uy, U,
u, 0.103  u,, -0.579
Residual 0.455
<
E "
% ° ;ngﬂnf . =
o )
<It —
T T T T T
0 10 20 30 40
DBH, cm

Figure 5. Residuals (observed-predicted) in predicting
tree height with the fixed part of the mixed model for
black cottonwood in Iceland.

Hdom 30m

Hdom 25m

Height, m

""""" Hdom 20m
——Hdom 15m
——Hdom 10m

0 10 20 30 40
Diameter at breast height, cm

Figure 6. Relationship between diameter at breast
height and tree height at different dominant heights
(Hdom) for black cottonwood in Iceland.
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Diameter increment model
The diameter increment model, fitted with the
optimization-based approach, was as follows:

2
Tomm = exp (—6.5902 +0.5963Ind — 0.1213 (<)

d
10

—0.0213G + 1.8793InSI — 0.1359 (ﬁ;‘%)) ©)

where 1oy is the future l-year diameter
increment (cm), d is the DBH (cm), G is the
stand basal area (m*ha), ST is the site index
(m) and BAL is the basal area in trees larger
than the subject tree (m?ha'). The bootstrap
analysis suggested that all parameters of the
model were significant (Table 3). The bias
of the periodical basal area increment of the
plot was 0.21 m?ha’!, which is 4.3% of the
measured basal area increment. This means
that the model slightly underestimated growth.
The relative RMSE of the periodical plot-level
basal area increment was 39%.

Figure 7 (top) shows the predicted diameter
increment for different diameters and site
indices when the stand basal area is constant and
BAL decreases with increasing DBH. Figure 7
(top) indicates how trees of different DBHs
would grow in an even-aged stand. The model
predicted that the largest trees of the stand
grow best, implying that the DBH differences
between the smallest and the largest trees would
increase with time.

Figure 7 (bottom) shows the effect of
competition on diameter increment, with DBH
set at 15 cm and BAL at 50% of the stand basal
area. The diagram shows the strong negative
effect of increasing stand density on DBH
increment.
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Figure 7. Top: Predicted diameter increment in an
even-aged stand of black cottonwood in Iceland
where DBH ranges from 10 to 23 cm, basal area is
constant (15 m’?ha') and BAL decreases from 15
to 0 m*ha’! when DBH increases from 10 to 23 cm.
Bottom: Diameter increment with different stand
basal areas when DBH is 15 cm and BAL is 50% of
the stand basal area.

Simulation examples

The diameter increment model was used to
simulate the development of four plots of
the dataset in Icelandic black cottonwood
plantations with different site indices and stand
basal areas (Figure 8). In general, the models
predicted basal area increments that were
close to the measured basal areas (basal areas
calculated from DBH measurements). However,

Table 3. Bootstrapping results for the significance of the coefficients of the optimization-based diameter
increment model for black cottonwood in Iceland. The bootstrapping results are based on 30 model fittings
using random sampling with replacement. Sdev is the standard deviation.

Parameter a

0 al a7 a2 LIA ai
Mean -6.6767 0.5329 -0.10069 -0.02169 1.9454 -0.1330
Standard deviation (0993 0.0331 0.0110 0.0010 0.0374 0.0052
“t” Mean/Sdev -67.23 16.10 9.16 2249 52.08 -25.55
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Figure 8. Examples of observed (continuous lines)
and simulated (dashed lines) basal area development
in four plots of the modelling dataset for black
cottonwood in Iceland.

in one plot the model predicted slower growth
rates than was measured. Also in this plot, the
growth was predicted well for the first five
years, from age 18 to age 23 years, but thereafter
the measured growth was faster than the model
prediction.

Residuals of observed vs. predicted values
of DBH and BAL development from the two
plots that were measured annually over six
years are shown in Figure 9. The residuals of
the model show that predictions for these two
plots were unbiased, and there were no linear
trends between the residuals and DBH or BAL.
However, the scatter plots for DBH show a
decreasing—increasing pattern, which may be
explained, for example, by climate-induced
annual variation in diameter increment. Figure 9
shows the residuals only for two out of 14 plots.
When alternative models were tested with the

Residual, cm

DBH, cm

full dataset, no transformations of DBH were
found that resulted in better models than the one
shown in Equation 9.

DISCUSSION

This study presents, for the first time, site index,
individual tree diameter increment and tree
height models for even-aged black cottonwood
stands in Iceland. The available data for the
growth modelling were mainly from NFI plots,
which were not established for modelling
purposes. As can be seen in Table 1 and Figure
3, the dataset is mainly from young stands
between 10 and 30 years of age. The oldest
stand was only 48 years old at the end of the
measurement period. There was no mortality
in the dataset, and data from very dense stands
were lacking. The lack of mortality modelling
limits simulations for stands older than 30 years
and stands with high basal area (over 45 m*ha™').
Mikaelsson (2011) showed that survival rate is
affected by high basal area.

The selection of the site index model was
based on biological consistency, such as the
value of the asymptote, on biological realism
of the site index curves when compared with
the modelling data, and on the behaviour
of the model outside the age and dominant
height range of modelling data (Figure 3).
Figure 3 shows that the developed dominant
height model resembles well the trends in the
modelling data. The asymptote parameter of the
dominant height model was 40 m, implying that
the dominant height continues to grow at a rather
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Figure 9. Residuals of the diameter increment model plotted against DBH and BAL in two plots where diameter

increments were measured annually over six years.
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old age. Forty meters is a realistic asymptote
since black cottonwood trees can reach that
height in favourable environments (Shaw &
Packee 1998). In Iceland, the species is already
approaching 30 m height at the oldest sites that
were planted in the most favourable conditions
(B.D. Sigurdsson, personal information).
For stands younger than 10-20 years the site
index curves should also be used with caution,
because the height growth in younger stands
is also affected by factors other than site index
(Borders et al. 1984, Barrio Anta & Dieguez-
Aranda 2005).

For site index SI 25 and SI 20, the maximum
dominant height growth for black cottonwood
occurs between 10 and 15 years (Figure 4). For
site index SI 15, the maximum growth rate is
reached between 20 and 25 years, and for site
index SI 10 between 30 to 35 years. This is later
than in Siberian larch (Larix sibirica), which is
another pioneer species used in afforestation in
Iceland (Heidarsson & Pukkala 2012). At the
age of 50 years, the annual dominant height
growth rate of black cottonwood is 0.3 meters
or less in all site indices, which is a realistic
finding.

The tree height model is useful not only in
yield simulators but also in predicting individual
tree heights in field inventories when heights
are not measured for all trees. As can be seen
in Figure 5, the fit of the model is good, with
no obvious trends or biases in the residuals.
The selected tree height model guarantees that
the simulated height development of individual
trees is logically related to the dominant height
development of the stand.

The height model was fitted as a mixed-
effects model, which makes it possible to
calibrate the model for a particular stand or
plot. Simulations for volume development
(not shown) suggested that, in most plots, the
calibration had only a negligible effect on the
simulation results, as compared to simulations
where the random parameters were assumed
to be zero. However, there were a few plots in
which the full model provided better simulation
results than the fixed part of the mixed-
effect model. Therefore, model calibration is

recommended whenever height measurements
are available from the stand (Temesgen et al.
2008, de-Miguel et al. 2013).

Thefirststep in diameter increment modelling
was to search for the best transformation and
combinations of predictors. Because the dataset
has a hierarchical structure (correlations among
observations), mixed-effect modelling was used
for parameter estimation. When testing the
mixed-effects model in longer-term simulations
beyond the range of the data, the model seemed
to result in overestimated basal area growth in
dense unthinned stands. One reason for this
outcome could be that the modelled effect of
increasing basal area on diameter increment
was not strong enough. Another reason was
the lack of a mortality model. The problem
of overestimated growth of unthinned stands
was mitigated by using an optimization-based
modelling approach (Pukkala et al. 2011). This
approach was able to fully utilize the annual
diameter measurements of some plots, which
revealed the decreasing diameter increment with
increasing stand basal area. Still, the models
should be used with caution in denser stands.
The optimization-based modelling approach
can estimate also plot-specific coefficients to
account for correlated observations (Juma et al.
2014), but they were considered unnecessary
due to the preliminary nature of the models of
this study.

Simulated basal area increments were
compared to measured diameter increments in a
few plots (Figure 8). The simulated increments
were very close to the measured ones, with a
small tendency of underestimation. One reason
for the deviations seen in Figure 8 could be true
changes in site index, which may be related, for
example, to improved soil properties because of
planted trees or to sheltering effects of a denser
stand as it fills up the growing space. In the plot
where the model started to underestimate growth
after 10 years, the site index was 16.5 meters at
the first measurement occasion, but 5 years later
it was already 20.7. However, in simulations, the
site index was kept constant. In Iceland, trees are
planted in treeless lands, which are often used as
pastures. Planted trees may have a favourable
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effect on the site productivity. For example,
trees produce litter, which may improve the soil
due to the increased content of organic matter.
It is also possible that tree roots gradually
reach nutrient-rich or moister soil layers. Such
an effect on height growth has been shown to
occur in initial spacing experiments in Iceland
planted in treeless landscapes (Johannsdottir
2012). Because of these unique conditions of
the Icelandic tree plantations, the site index
estimates should not be regarded as permanent
descriptions of site productivity. They should be
updated every few years.

Tree growth depends on environmental
variables like climate and soil. Therefore,
annual variation in environmental variables,
such as temperature and precipitation, can alter
annual growth rates, which is e.g. utilized by
dendrochronology to derive past annual weather
dynamics from tree-ring data (Eggertsson 2019).
In Figure 9, the residuals from the two annually
measured plots over six years are shown. The
are no obvious biases in the residuals, but there
might be systematic errors in some years, when
the summer has been cold, dry, etc.

The dataset for growth modelling in this
study had some limitations, which made the
modelling more challenging and may also affect
the model prediction. The data had insufficient
representation of stands older than 30 years and
of dense unthinned stands. Also, some parts of
Iceland are not represented in the dataset. To
improve future modelling efforts, it is necessary
to continue the measurement of the current
permanent plots, establish new plots in areas
where no data are available and leave some of
the plots unthinned to provide information for
mortality models. Our results pave the way
for further studies on optimizing plantation
management for maximal yield, carbon
sequestration or economic profitability, or for
just evaluating alternative management regimes
for black cottonwood.
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ABSTRACT

The aim of the study was to define the mature live weight of Icelandic sheep breed ewes. Data on body condition
scores (BCS) and live weight (LW) spanning 22 production years from the Hestur research farm were analyzed
to fit the linear relationship LW = a + b x BCS of ewes in different age categories. Ewe live weight continued to
increase until 5 years of age. A general estimate of standard reference weight (SRW) of a mature Icelandic ewe
is 70.4 £ 3.4 kg, standardized at BCS 3. For mature ewes, approximately 8.5 kg LW is needed to raise BCS by
one unit. SRW creates opportunities for studies relating mature weight to other important genetic traits and for
analysing the independent effects of SRW, degree of maturity, and BCS on animal performance.

Keywords: mature weight, mixed model, ewe age, nutrient requirements, herd data, growth.

YFIRLIT

Rannsokn a samhengi lifpunga og holdastiga og dkvérdun stadlads fullordinspunga islenskra aa

Markmid rannsoknarinnar var ad akvarda fullordinspunga islenskra da. Gégn um holdastig (BCS) og lifpunga
(LW) sem nadu yfir 22 framleidsluar a fjarbuinu ad Hesti voru greind t6lfreedilega, ut fra hinu linulega
samhengi LW = a + b x BCS fyrir @r 4 mismunandi aldursarum. Ernar nadu ad jafnadi fullum proska 4 fimmta
aldursari. Fullordinspungi (SRW) fyrir islenskar er, stadladur ad holdastigi 3, reyndist vera 70,4 + 3,4 kg.
Hja fullproskudum islenskum am parf um 8,5 kg lifpunga til ad auka hold um sem nemur einu holdastigi.
Greiningin skiladi einnig mati a st60ludum fullordinspunga einstakra gripa i gagnasafninu. bad gefur méguleika
a rannsoknum sem tengja fullordinspunga vid adra mikilvaega eiginleika i kynbotastarfi. Vid petta skapast einnig
moguleikar & ad greina adgreind ahrif fullordinspunga, proskastigs og holda a framleidslugetu anna.

INTRODUCTION

Growth and development of an animal and its
components in relation to size (Hammond 1932,
Huxley 1932) can be fitted to functions that are
common across domestic mammals when scaled
according to their mature body size (Brody
1945). These genetic scaling rules were first
tested for sheep by McClelland et al. (1976), and
it is well established that the pattern of fat and

protein deposition in sheep is remarkably similar
across genotypes when scaled as a proportion
of mature size (Oddy & Sainz 2002). Empty
body gain in very young animals can contain a
protein to fat in the ratio of 2:1, whereas in an
animal approaching full maturity this ratio can
be 1:7. The energy content per kg fat is more
than double that of protein; for each kg protein
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growth approximately 3.5 kg water and ash
will be added. Therefore, the energy content of
gain of an almost mature animal is typically 2.5
times greater than the energy content of gain of
a very young animal, but protein content is the
opposite (CSIRO 1990).

An animal that has reached full maturity does
not have constant live weight or fat to protein
ratio in an empty body. Fat reserves decrease
at times of negative energy balance, such as
in late pregnancy and lactation, but increase in
the easier times of the production cycle. It is
important to have methods to account for this
mobilization of body reserves, for key tasks such
as nutrition planning. Weight changes alone are
not accurate measures, due to changes in gut
fill and stage of the production cycle. Body
condition score is a common assessment of the
amount of muscle and fat (Kenyon et al. 2014).
Jefferies (1961) proposed a body condition
scoring system for sheep, with grades defined
according to specific anatomical features in the
lumbar region, assessed by palpation. Russel
et al. (1969) further adapted this system and
demonstrated its superiority over live weight
alone to estimate the fat content of an animal.

The frame size of mature animals differ
among breeds of the same species, sexes and
individuals of the same sex. While frame size
is an important determinant of an animal’s live
weight, so is the animal’s body condition. A
large-framed animal in poor condition can have
the same live weight as a smaller-framed animal
in good condition. A concept that connects
frame size, live weight and body condition
is the Standard Reference Weight (SRW),
which was defined for any particular breed
and sex of cattle or sheep as the approximate
liveweight (LW) achieved by that animal when
skeletal development is complete and the empty
body contains 250 g fat’kg (CSIRO 1990),
corresponding to body condition score (BCS)
3.0 for sheep on the 0-5 scale described by
Russel et al. (1969).

The SRW is a useful concept for several
purposes: 1) to relate live weight and body
condition for mature animals; 2) to define the
maturity of growing animals; 3) to estimate with

higher accuracy, with the animal‘s estimated
degree of maturity, its energy and protein
requirements for growth, due to more accurate
estimates of the fat, protein, and energy content
of the gain.

The rules of scaling growth functions,
according to mature size as described above,
were adapted into ruminant nutrient formulation
through the concept of SRW and generalized
equations (CSIRO 1990). These principles were
adapted into nutrient requirement estimates for
Icelandic sheep (Sveinbjornsson & Olafsson
1999). However, the SRW used was only a
rough estimate, as is the case with much of
the mature weights for different breeds, when
it is used for selecting slaughter weights and
estimating nutrition requirements in different
countries and production systems (CSIRO
1990, AFRC 1993, NRC 2007). Among the
reasons for this inaccuracy has been a lack
of data and/or analysis of data that takes into
account physiological principles and different
production systems.

One of the issues that arises when adult
weight is determined is to what level of
body condition should the mature weight be
standardized. This can depend on the purpose
for which the determination of mature weight
is intended. When the purpose is to improve
lamb meat production by fulfilling nutrient
requirements according to lamb growth curves
derived in nutrient non-limiting environment, it
seems logical to standardize adult weight at high
BCS (Friggens et al. 1997, Zygoyiannis et al.
1997a & 1997b). However, when the challenges
are related to the growth, development and
management of ewes in extensive or semi-
extensive production systems, it has been
concluded that a standardized mature weight
should use a BCS in the middle of the scale, at
BCS 2.5 (Cannas and Boe 2003) or 3 (CSIRO
1990).

In Iceland, most ewes are mated in their
first year of life, and their fertility and overall
production throughout their life is high. There
is, however, no clear focus on increasing ewe
growth and development in dry periods in their
early years. Data of actual mature weight, both
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for the breed in general and, if possible, for
individual animals will aid in defining more
accurate nutrition and management strategies.
There is a well-known positive relationship
between animal metabolic live weight and
maintenance requirements (CSIRO 1990, AFRC
1993, NRC 2007). Furthermore, mature size has
important genetic correlations with feed intake,
methane emissions, feed efficiency, carcass
composition and meat quality (Rose et al. 2023).
The optimal mature weight can depend on the
nature of the production system.

Studies of the relationships between ewe
live weights and body condition score (McHugh
et al. 2019, Semakula et al. 2020 & 2021) have
demonstrated the importance of using datasets,
not only with a high number of animals, but
also with repeated measurements on the same
animal at different ages and in different stages
of the annual production cycle. The effect of
pregnancy on ewe live weight is too large to
ignore, but data points in pregnancy need to
be corrected for the estimated weight of the
conceptus (McHugh et al. 2019, Semakula et al.
2021).

The aim of the current study was to define
the standard reference weight at body condition
score 3.0 (SRW@BCS3) for ewes of the
Icelandic breed kept in a semi-extensive system:
(1) for the breed in general, for use in defining
nutrient requirements and (2) for individual
animals in the flock under study, for use in
follow-up studies.

MATERIALS AND METHODS

Animals and management

This study used data from the Agricultural
University of Iceland Hestur experimental
sheep farm, based in Borgarfjorour, Southwest-
Iceland. The farm is managed under conditions
typical for Icelandic sheep production: indoor
feeding from November to May, grazing
cultivated land and natural pastures surrounding
the farm from May to June, extensive grazing on
common mountain pastures or highland ranges
from late June to mid-September, grazing
cultivated or improved grassland land until

housing in November. Mating takes place in
December and lambing in May. Icelandic sheep
breed ewes (Adalsteinsson 1981, Dyrmundsson
and Niznikowski 2010) were shorn at the onset
of the indoor feeding in November, and again
in early March. Transabdominal ultrasound
pregnancy scanning took place in February. The
winter feed was predominantly grass haylage
conserved in round bales, fed ad lib. The quality
of the haylage was controlled for different
feeding periods as far as possible to meet
feeding standards at any time (Sveinbjérnsson
& Olafsson, 1999). Haylage was supplemented
with concentrate (100-300 g d!' ewe™) in the last
3-6 weeks before lambing and the first week after
lambing. For more details about the production
system, see Sveinbjornsson et al. (2021).

Data

The study included data from production years
2001-2022. The database included ewe and lamb
records with different variables as described
in Sveinbjornsson et al. (2021). For this study
ewe records with the following variables were
used: ewe ID number, year of birth, year of age,
lambing date, number of lambs born and number
of lambs reared within each production year.
Live weight (LW) and body condition score
(BCS) were recorded at five week intervals from
October till late April. Body condition scoring
was conducted according to the 0-5 scale with
0.25 units, as described by Russel et al. (1969).

Stages of the annual cycle are defined as
follows, with abbreviations and approximate
dates (= 1 to 2 days) of LW and BCS
measurements in parentheses: Post-weaning
(Post-W, 18 October); Pre-mating (Pre-M, 1
December); Post-mating (Post-M, 4 January);
2-Month pregnant (2 Mo-preg, 10 February);
Mid-pregnancy (Mid-preg, 15 March); Late-
pregnancy (Late-preg, 20 April).

The estimated weight of the conceptus
was calculated using the formulas reported by
Robinson et al. (1977) for crosses of Finnish
Landrace and Dorset Horn ewes. These breeds
have a closer resemblance to the Icelandic sheep
breed in gestation length, prolificacy and adult
size (Robinson et al. 1977, Anderson et al. 1981,
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Dyrmundsson and Olafsson 1989) than other
breeds in similar studies, e.g. the Merino sheep
(Wheeler et al. 1971). Information required
for the use of the formulas of Robinson et al.
(1977) was available in our database, i.e., date
of mating or lambing, number of foetuses and
weight of the ewe at a date close to the date
of mating. During pregnancy, ewe live weight
was corrected for the estimated weight of the
conceptus, thereby creating a new variable,
pregnancy-free live weight (PFLW).

Statistical analyses

Statistical analyses were performed using
SAS (2015). PROC GLM was used for simple
ANOVA analysis and calculating least square
means as presented in Table 1, Figure 1 and
Figure 2. Simple linear regression was used for
the analysis presented in Tables 2 and 3, where
within year of age, pregnancy-free live weight
(PFLW) was regressed against BCS for data
from each year of age (Table 3) and stage of
the annual cycle (Table 2). Some more complex
relationships were tested, but none gave a better
prediction than the simple linear relationship:
PFLW = a + b x BCS. Mixed model analysis
(PROC MIXED) was used for the results
presented in Table 4, where PFLW was regressed
against BCS for data from each year of age and
the effect of an individual ewe in the dataset was
considered as a random classification effect.

Definition of sub-datasets for different
statistical analysis

For the analysis reported in Tables 2-7, we used
a subset of the dataset, where “full” records for
LW and BCS (at least 22 of 24 possible) were
available for individual ewes on their 2™ to
5" year of age. The 1266 ewes in this dataset
were born in the years 1999 to 2017, the lowest
number in 1999 (n=31) and the highest in 2010
(n=89). Figure 1 was generated from a sub-
dataset containing ewes with full records from
2 to 6 years of age (n=889). Figure 2 and Table
1 contain data from a larger group of ewes that
had full records during their 5" year of age,
irrespective of whether they had full records
at younger age (n=1577). The additional 311

ewes included were either born before 1999
or had several missing values at younger ages.
The analysis to determine Equation 1, for
prediction of PFLW from BCS, ewe age and
random intercept for individual ewe, was based
on records of 3344 ewes. This included all ewes
between 2 to 5 years of age with LW and BCS
data in production years 2001-2022, but not
necessarily with full records.

RESULTS

Records for ewes with live weight and BCS
from 2 to 6 years of age showed a significant
increase in LW at each stage of the annual cycle
each year of age up to 5 years, but not between
their 5" and 6" year (Figure 1). There was,
however, a significant decrease in BCS at each
stage of the annual cycle by each year of age up
to 6 years.

For all ewes with records during their 5%
year of age, LW gain was driven by the number
of foetuses and the progression of pregnancy
(Figure 2a). The most rapid pregnancy-free
LW gain (PFLW) was observed between
weaning and mating (Figure 2b). By correcting
live weight for the estimated weight of the

Table 1. The ratio of PFLW/BCS at different stages of
the production year for 1577 ewes at 5 years of age,
dataset defined as for Figure 2.

Production stage Barren Single Twin  Triplet
Post-W 23.70* 23.15¢ 23.03¢ 23.66"
Pre-M 23.43* 23.11¢ 22.62° 23.39°
Post-M 23.41° 22.57° 22.15° 2291
2 Mo-preg 23.07° 22.44° 22.15> 22.87*
Mid-preg 21.68* 21.64* 21.50* 22.75°
Late-preg 21.38* 2270 22.47°¢ 23.75°
N 41 206 1118 212
SEM 047 025 0.13 022

a, b, c: Values with different superscripts within a column
are statistically different, p<0.05.
SEM: standard error of the means
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Figure 1. Ewe live weight (LW) and body condition score (BCS) of 889 ewes between 18 months and six years
of age at post-weaning (W), pre-mating (M) and pre-lambing (L). Error bars indicate 95% confidence interwals.

conceptus, the weight differences related to
litter size disappeared for single and twin ewes,
but the triplet-bearing ewes were still heavier
troughout the production cycle.

For all litter sizes, BCS (Figure 2¢) increased
from weaning to mating but then increased
at a slower rate with progressing pregnancy.
Immediately before mating (Pre-M), ewe BCS
was similar among litter size classes. After
mating, BCS increased for all litter sizes, until
it decreased in Late-preg for twin- and triplet-
bearing ewes. The ratio PFLW/BCS was highest
in autumn (Table 1). Among twin-bearing ewes,
the ratio decreased steadily through winter until
increasing again between Mid-preg and Late-
preg. There was a similar trend for single- and
triplet-bearing ewes but with fewer statistical
differences, due to smaller group sizes. In periods
when BCS was increasing, the ratio PFLW/BCS
decreased, and vice versa. This pattern was seen
among barren ewes, which gained the same
amount of condition (Figure 2c¢) from weaning
(Post-W) to mating (Pre-M) as the other groups,
but less BCS in the first half of the pregnancy
period and more in the latter half, with a decrease
in the ratio PFLW/BCS (Table 1).

The regression coefficients for the simple
linear relationship PFLW =a + b x BCS for each
year of age and production stage are reported in
Table 2 and compared statistically, according to
95% confidence limits. The constant a generally
had a lower value and the slope b higher value
for 2-year-old ewes than for other age categories
in the different stages of the production cycle.
By using the prediction equations derived by the
regressions, LW at BCS=3 was calculated for
each age category and production stage (Table
2). Similarly, Table 3 reports the linear regression
coefficients within each year of age, with all
production stages combined. Here, the constant
a increased significantly with increasing age,
but the slope b was stable irrespective of age.

In the mixed model analysis presented in
Table 4, a random intercept for the effect of
individual animals in the dataset is included.
The random effect of ewe was not separated
between intercept and slope, therefore all
the individual differences were collected in
the random intercepts, which add up to zero
for all animals within each year of age. The
prediction error (RMSE) of the regression
models generated by the mixed model analysis



44 ICELANDIC AGRICULTURAL SCIENCES

920
a
) 80
70
= Barren 60 o
m Single =~
e 50 &
m Twin =
m Triplets 40
30
20
10
0
Post-W Pre-M Post-M 2 Mo-preg ~ Mid-preg Late-preg
90
b) 80
70
= Barren 60
m Single 50 ep
)
= Twin 40 B'\
m Triplets 30 E
20
10
0
Post-W Pre-M Post-M 2 Mo-preg  Mid-preg Late-preg
4.00
¢) 350
3.00
@B
et 250 =
W Single g
W Twin 2.00
W Triplets 1.50
1.00
0.50
0.00
Post-W Pre-M Post-M 2 Mo-preg  Mid-preg  Late-preg

Figure 2. a) Ewe live weight (LW), b) pregnancy-free LW (PFLW) and c) body condition scores (BCS) of 1577
ewes (212 with triplets, 1118 with twins, 206 with single lamb and 41 barren) at 5 years of age. All ewes in the
database with LW ands BCS records on their 5" year were included in this analysis, except for 11 ewes with
quadruplets. Error bars indicate 95% confidence interwals.
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Table 2. Coefficients a and b for the regressions PFLW= a + b x BCS within each year and months of age and

stage of the production cycle, for 1266 ewes with at least 22 of 24 possible records of LW and BCS between

their 2to 5 years of age.

Production stage year no age mo b R? PFLW at BCS 3.00
Post-W 2 17 28.1° 8.938 0.41 54.9
Pre-M 2 19 317 8.338 0.35 56.7
Post-M 2 20 30.4%® 8.628 0.36 56.3
2 Mo-preg 2 21 32.9° 8.278 0.35 57.7
Mid-preg 2 22 29.6% 9.18® 0.37 57.1
Late-preg 2 23 34.3° 8.478 0.30 59.7
Post-W 3 29 &6 6460 023 62.0
Pre-M 3 31 42.9¢ 7.0948 0.22 64.2
Post-M 3 32 432 7.1248 0.21 64.6
2 Mo-preg 3 33 41.7¢ 7.79A8 0.25 65.1
Mid-preg 3 34 37.0% 8.918 0.28 63.8
Late-preg 3 35 37.3% 9.418 0.29 65.5
PostW 4 4 4T 661 02 65.5
Pre-M 4 43 47.8¢ 6.9348 0.19 68.6
Post-M 4 44 47.99 6.9548 0.20 68.8
2 Mo-preg 4 45 46.6% 7.6418 0.24 69.5
Mid-preg 4 46 41.1¢ 8.978 0.27 68.1
Late-preg 4 47 44.6% 8.438 0.24 69.9
Post-W 5 53 477rl 657A 021 67.4
Pre-M 5 55 48.5¢ 7.3148 0.19 70.5
Post-M 5 56 50.4¢ 6.9248 0.18 71.1
2 Mo-preg 5 57 47.4¢ 8.078 0.24 71.6
Mid-preg 5 58 441 8.888 0.27 70.7
Late-preg 5 59 433 9.428 0.29 71.5

ab.corABC: Values with different superscripts within a column are statistically different, p<0.05. PFLW = pregnancy-free live weight

(Table 4) was approximately half of those from
the linear model (Table 3). Here, the slope b
increases with increasing age of the ewes.
There was a good agreement between the linear
(Table 3) and mixed (Table 4) model analysis
in estimated LW at different BCS, according
to the regression equations, especially with
increasing age.

By using all records for ewes with some, but
not necessarily all, LW and BCS data between 2
to 5years of age in production years 2001-2022,
Equation 1 was derived:

Eq. 1: PFLW=R_ + 19.52(0.215)+7.95(0.039)
‘BCS+8.72(0.051) year-0.64(0.006)-year?

where R _is the random intercept for individual
ewe and year is the ewe's year of age. The
values in parentheses are the standard errors
for the respective regression coefficients, the
prediction error (RMSE) for the whole equation
is 3.67 kg. A total of 3344 ewes were included
in this analysis.

Predictions of LW at BCS=3 for individual
animals at specific ages based on the mixed
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Table 3. Coefficients a and b for linear regressions PFLW=a + b x BCS within each year of age, combined
for the six stages of the production cycle, for 1266 ewes with at least 22 of 24 possible records of LW and
BCS between 2 to 5 years of age. Predicted LW at different BCS as calculated from the respective regression
equations.

LW at BCS:
Year a(SE) b (SE) 2.00 3.00 4.00 RMSE
2 31.6* (0.53) 8.514(0.139) 48.6 57.1 65.7 5.8
3 38.2°(0.53) 8.594(0.153) 554 64.0 72.5 6.1
4 42.2¢(0.53) 8.66* (0.156)  59.5 68.1 76.8 6.4
5 43.6°(0.53) 8.904(0.162) 61.4 70.3 79.2 6.8
ab.

¢ or AB-€: Values with different superscripts within a column are statistically different, p<0.05.
RMSE = root-mean-squared error

Table 4. Coefficients a and b for PFLW=a + b x BCS for mixed model regressions including random intercept
for the effect of individual animals; within each year of age, combined for the six stages of the production cycle,
for 1266 ewes with at least 22 of 24 possible records of LW and BCS between 2 to 5 years of age. Predicted LW
at different BCS as calculated from the respective regression equations.

LW at BCS:
Year a (SE) b (SE) 2.00 3.00 4.00 RMSE
2 43.6* (0.53) 5.374(0.134) 54.3 59.7 65.0 2.8
3 40.2* (0.45) 8.00% (0.123) 56.2 64.2 72.3 3.1
4 42.7°(0.45) 8.49€ (0.124) 59.7 68.2 76.6 32
5 44.7¢(0.45) 8.56¢ (0.130) 61.9 70.4 79.0 34

sbe or AB.C: Values with different superscripts within a column are statistically different, p<0.05.
RMSE = root-mean-squared error

Table 5. Comparison of two different estimates of LW at BCS=3 for individual animals at various ages by linear
regressions Y=a + b x X. The dependent variable Y is the value estimated by eq. 1 and the independent variable
X is the value estimated by the regressions in Table 4.

Year a (SE) b (SE) R? RMSE
2 5.12(0.77) 0.89% (0.013) 0.79 2.34
3 3.9 (0.66) 0.93° (0.010) 0.87 1.86
4 6.6*(0.63) 0.90° (0.009) 0.88 1.75
5 10.9° (0.59) 0.85* (0.008) 0.89 1.68

»b.¢: Values with different superscripts within a column are statistically different, p<0.05.
RMSE = root-mean-squared error
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model analysis in Table 4 were then compared
to predictions of LW at BCS=3 for the same
1266 ewes at specific ages by Equation 1. As
reported in Table 5, the agreement between the
two methods is good, although poorer for ewes
in their 2" year than for the older ewes.

Some of the variation in the development
of LW adjusted to BCS=3 in 2" to 5" year, as
reported in Tables 3 and 4, can be related to birth
years and whether the ewes did or did not rear
lambs in their 1% year (Table 6).

There is a considerable distribution in mature
weights (SRW@BCS3) of individual animals
(Table 7), slightly greater when estimated by the
mixed model than by Equation 1.

Table 6. LW at BCS=3 reached in 2™, 3™ and 4" year
of age as a proportion of LW at BCS=3 at 5" year of
age, depending on whether ewes reared 0 or 1 lamb in
their 1% year of age. Average, max and min values for
birth years 1999 to 2017.

Rearing 2™ year 3" year 4 year
in Ist

year 0 1 0 1 0 1
Average 0.87 0.84 092 091 097 097
max 090 0.87 097 096 1.01 1.01
min 0.81 0.78 0.84 0.82 092 0.92

Table 7. Estimated standard reference weight (SRW@
BCS3) for 1266 ewes, by the mixed model (Table 5)
and Equation 1, frequency in different weight (SRW)
categories.

SRW, kg Mixed model ~ Equation 1
<60.0 2.9% 0.6%
60.1-65.0 15.1% 12.5%
65.1-68.0 15.7% 16.7%
68.1-72.0 28.4% 29.9%
72.1-75.0 16.9% 19.0%
75.1-80.0 15.4% 16.9%
>80.1 5.6% 4.4%

DISCUSSION

The main purpose of this study is to define the
mature weight, or more exactly the standard
reference weight (SRW), at body condition
score 3 (SRW@BCS?3) of ewes of the Icelandic
sheep breed, for a more exact determination of
energy and protein requirements. Our study was
inspired by earlier work, such as Zygoyiannis et
al. (1997b) who proposed a method to estimate
mature weight of different breeds of sheep
by accounting for data on ewe age and body
condition, as well as live weight records, which
was analyzed to fit the linear relationship LW =
a+b x BCS for ewes in different age categories.
The mature weight is then found as LW
calculated from this formula based on a certain
BCS and a and b coefficients found for an age
group that has reached maturity. Estimating the
b slope in the regression formula accurately is
particularly important, as it expresses how many
kg LW can be expected to follow each unit of
BCS. If this is known, each BCS mobilized
or deposited through the annual production
cycle can be translated into energy, which is
very important in feed planning. This has been
the focus of many studies on the relationships
between live weights and body condition scores
in ewes, e.g. Cannas and Boe (2003), Mac¢ et
al. (2019); McHugh et al. (2019) and Semakula
et al. (2020).

An important question in this context is:
when is full maturity achieved? Zygoyiannis
et al. (1997b) analyzed data for ewes of three
Greek breeds and assumed that full maturity was
reached at 3.5 years of age, since with higher
ages there was no significant increase in LW
adjusted to a certain level of BCS. In the current
study, analysis of ewes with complete records
up to 6 years of age (Figure 1) found that,
although the ewes did not gain weight after their
5" year, they continued to loose condition. LW
adjusted to BCS 3 increased significantly from
5% to 6% year, although this was due to lower
BCS at the 6" year, not a higher LW. Therefore,
it was assumed that full maturity was reached at
5 years of age, and all subsequent analysis were
based on that assumption. Available evidence
suggested that the Icelandic sheep breed
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deposits relatively more fat internally and less
fat in carcass than the more specialized mutton
breeds and particularly deposits a low proportion
of subcutaneous fat relative to the rest of the
fatty tissue, which was more pronounced with
increasing age (Thorgeirsson & Thorsteinsson,
1989).

Live weight in pregnancy was corrected
for the estimated weight of the conceptus,
as per McHugh et al. (2019) and Semakula
et al. (2021). Using the pregnancy-free live
weight (PFLW) allowed for additional LW and
BCS during pregnancy to be used to increase
data points from three to six per year. For the
analysis to define the average SRW@BCS3 for
ewes of the Icelandic sheep breed, records for
1266 ewes were used. Although other studies
have used repeated measurements on the same
ewes, to our knowledge no studies have utilized
only complete records for the same animals over
many years of age. This created an opportunity
to isolate individual variation from the residual
error. The results presented in Table 4 allow
us to define the SRW@BCS3 for ewes of the
Icelandic sheep breed as 70.4 + 3.4 kg. Each
unit of BCS for mature Icelandic ewes was
approximately 8.5 kg LW.

Adult weight of three Greek breeds was
estimated to be 41.6, 52.3 and 61.4 kg when
standardized at condition score 3 and 56.3, 69.8
and 80.0 at condition score 5, for the Boutsko,
Serres and Karagouniko breeds, respectively
(Zygoyiannis et al. 1997b), using a similar
method as our study. The SRW@BCS3 for
female sheep of breeds of different sizes in
Australia according to CSIRO (1990) was
between 40-60 kg. These estimates were low
compared to mature sizes of ewes of common
breeds in the UK (AFRC 1993) and USA (NRC
2007). Icelandic sheep would be classified as
medium-sized breed according to our estimate
of approximately 70 kg for the mature weight of
ewes. The lack of systematic determination of
adult weight of different sheep breeds, however,
makes it difficult to compare breeds with respect
to adult weight. The method used in our study
is applicable for different breeds, as it is based
on physiological principles that translate into

nutrient requirements and feed planning. The
statistical relationships that are utilized are
simple and reproducible. The completeness
of the dataset is important but should not be
difficult to attain with modern techniques.

As seen in the three Greek breeds
(Zygoyiannis et al. 1997b), the choice of level of
body condition at which the mature live weight
is standardized is critical and should be a part
of the information reported. For mature sheep
of different breeds, it would be most efficient to
report both a and b coefficients for the simple
linear relationship LW = a + b x BCS, assuming
the relationship between LW and BCS is linear.
Most studies reviewed by Kenyon et al. (2014)
found this to be the case. An exception was a
study by Teixeira et al. (1989) where among 52
animals, evenly distributed over the BCS scale
from 1.25 to 4.50, there were greater increases
in LW required to gain one BCS unit at the higher
end of the BCS scale. They also demonstrated
that total body fat increased at a greater rate at
the higher end of the BCS scale, which was later
also found by Morel et al. (2016). However,
when the method of body condition scoring was
originally established for sheep, a linearity of
the ratio of body fat to BCS and LW to BCS
was reported (Russel et al. 1969), for 276 ewes
between BCS 1.00 and 3.5. Based on available
information, it seems safe to assume that the
relationship between LW and BCS is linear in
the practical ranges of BCS, most often worked
with in sheep management and feed planning.
However, although the repeatability of the BCS
technique by experienced assessors is good
(Kenyon et al. 2014), it should always be kept in
mind that it is a subjective method.

Experiments reviewed by Kenyon et al.
(2014), as well as later studies by McHugh et
al. (2019) and Semakula et al. (2020), showed
considerable differences in kg LW required to
increase BCS by one unit, although most results
were between 5 and 10 kg, with differences
between sexes, sheep breeds, and individuals
within the same breed and sex. These differences
may be due to variation in body frame size, SRW
and fat distribution throughout the body. Kenyon
et al. (2014) reported that most studies on the
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relationship between LW and BCS were based
on between-animal variation. Controlled studies
investigating the relationship between LW and
BCS frequently involved dissection of animals
to determine body tissue composition (Russel et
al. 1969, Teixeira et al. 1989, Morel et al. 2016),
resulting in limited opportunity to analyze
the within-animal relationship using repeated
measures. For this purpose, it is possible to carry
out studies where fully mature animals would be
fed to create within-animal variability in LW and
BCS. A more practical method is to use herd-
databases with repeated measures of pregnancy-
free live weight on the same animals, as in our
study and that of McHugh et al. (2019). In both
studies, there were considerable differences in
the estimated slope (b coefficient), depending
on stage of the production cycle (Table 2). A
more robust estimate was achieved in our study
when data was combined for different stages of
the production cycle (Table 3) and with lower
prediction error if the individual variation was
isolated (Table 4).

Our estimate of the slope b, (8.56 kg, Table
4), or the kg LW change per unit BCS in mature
Icelandic ewes, is in the higher range compared
to estimates for other breeds. The estimate
would have been lower (6.57-7.31; Table 2)
if only some of the regressions for periods
outside pregnancy for the mature ewes (5%
year) were used. The estimate of the slope b for
ewes on their 5% year differed slightly (8.56 vs
8.90; Tables 4 vs 3) if the individual variation
was isolated using a mixed rather than linear
regression analysis. The same applies to the final
estimate of the SRW@BCS3, which was similar
using both methods, but using the mixed model
lowered the prediction error by approximately
half. For the youngest and least mature (2™ year)
ewes, the linear model predicts similar slopes
(b) as for older ewes, but the mixed model had
lower predictions for younger ewes, which
makes more sense. For future studies with
similar aims, this is worth consideration.

The estimated slope b (8.56 kg) divided by
the SRW@BCS3 (70.4 kg; Table 4) yielded the
ratio 0.122, which was similar to the general ratio
reported for diverse breeds of sheep (0.129) or

sheep and cattle (0.1285) by Zygoyiannis et al.
(1997b). For Churra ewes, Frutos et al. (1997)
reported a ratio of 0.13. However, van Burgel et
al. (2011) reported that Merino ewes had a 9.2
kg LW change per unit BCS, which was 0.19
times the SRW. The ewes in that study were in
late pregnancy, and their live weights were not
corrected for the weight of the conceptus, which
could partly explain the high values.

The between-animal differences in mature
weight are interesting, not only for improving
the accuracy of estimates of SRW and LW per
BCS for a breed in general, but also with respect
to breeding targets. Larger animals have higher
maintenance requirements, but also higher feed
intake, which might override the increased
maintenance requirements with respect to
producivity and feed efficiency (Cannas et
al. 2019). According to the physiological
principles and genetic scaling rules addressed in
the introduction, individuals with high mature
weight should be leaner and have a lower degree
of maturity at a certain LW, compared to animals
with lower mature weight. Among Icelandic
sheep, there has been a considerable genetic
trend towards lower fat grade in carcasses
(Eiriksson and Sigurdsson, 2017), meaning that
carcasses can be heavier at the same fat grade.
By breeding for leaner carcasses, it would be
logical to assume that there will also be a genetic
trend towards higher mature live weights. By
estimating the mature weight of individual
animals as in our study, it will be possible to
calculate genetic correlations between mature
weight and other important traits, based on data
from Hestur farm.

Previously, multilevel models were used
to analyze the effects of different explanatory
variables, including ewe age, LW and BCS,
on lamb birth weights and growth rates
from Hestur farm data (Sveinbjornsson et al.
2021). These three explanatory variables are
partly related, as can be seen from the results
presented in our study (Table 4). At a younger
age, live weights are lower and fewer kg LW are
required to increase BCS by one unit. From the
analysis presented in Table 4, also accounting
for the random intercept for individual ewes, it
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is possible to define the LW at BCS 3 of each
animal in each year of age. Dividing that value
with the LW at BCS 3 in the 5" year of age (Table
6), we can determine the animal’s estimated
degree of maturity at each year of age. This
allows the analysis of the independent effects
of individual SRW, degree of maturity, and
BCS at particular stages in the production cycle
and changes in BCS on production parameters
such as ewe fertility, lamb birth weight and
growth rates. For these types of studies, it seems
logical to use data only for ewes that have full
records until their 5% year of age. For studies
of genetic parameters, it might be possible
to also use data for ewes that do not have full
records, by means of relationships like the one
presented by Equation 1 above. The distribution
in mature weights (SRW@BCS3) of individual
animals was considerable in our study (Table 7),
indicating possibilities for including that trait in
a breeding program.

CONCLUSIONS

The standard reference weight (SRW) for
ewes was estimated to be 70.4 + 3.4 kg, for the
Icelandic sheep breed. For a fully mature ewe,
approximately 8.5 kg live weight was needed to
raise body condition score by one unit. SRWs for
individual animals were also determined, which
creates opportunities for follow-up genetic and
management studies.
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