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Abstract:  Habitat loss and impoverishment are the main factors causing the decline in populations of water bird 
species. To acquire the knowledge necessary for their conservation, an understanding of how they use 
their breeding habitats is crucial. With this in mind, the sympatric tern species White-winged Tern Ch-
lidonias leucopterus and Black Tern Chlidonias niger were studied in the Kulunda steppe of Altai Krai 
in southern Russia. Although both species occurred in the same area, they differed in their use of nesting 
habitats. Black Tern located its colonies mostly in emergent vegetation, whereas White-winged Tern did 
so more often in patches of sedge. In order to define nest site selectivity, models containing seven habitat 
predictors were developed on the basis of Akaike’s information criterion. The best model for Black Tern 
showed that it chose a larger area of water bodies close to the colonies than around unoccupied sites. For 
White-winged Tern, the distances from the colony to the nearest woodland and to the nearest settlements 
were greater. These habitat factors may be primarily related to the different feeding preferences of the two 
species and in the case of White-winged Tern may be connected with the risk of nest loss. 
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Introduction
Understanding how birds use their breeding habi-
tats is crucial for the conservation and management 
of species (Sebastian-Gonźalez et al. 2010, Allen 
et al. 2019, Elmberg et al. 2020). It is important to 
elucidate the habitat requirements of water bird spe-
cies that depend on spatially restricted habitats such 
as wetlands, which are often under severe pressure, 
directly because of destruction and anthropogenic 
changes or indirectly as a result of climate change 
(Żmihorski et al. 2016, Wyman & Cuthbert 2016, 
Ramirez et al. 2018). For terns from the genus Chli-

donias, which nest in naturally waterlogged grassland 
and river valleys, intensifying habitat changes could 
determine their choice of nest location resulting in a 
differentiation of breeding parameters (Laurel 1999, 
Van der Winden et al. 2004, Golawski et al. 2016a, 
2017). Habitat deterioration and loss of food diversity 
during the chick rearing phase have been the main 
causes of the decline in Black Tern Chlidonias niger 
(Linnaeus, 1758) populations in Europe and North 
America within the last few decades (Beintema 1997, 
Sauer et al. 2004, Zenatello et al. 2005, Van der 
Winden & van Horssen 2008, Matteson et al. 2012, 
Stephens et al. 2015, Wyman & Cuthbert 2016). 
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In contrast, a slow westward expansion of the sym-
patric species White-winged Tern Chlidonias leucop-
terus (Temminck, 1815) has been reported in Europe 
(Gruneberg & Boschert 2009, Shurulinkov et al. 
2010, Golawski et al. 2016b). Higher numbers of the 
latter were recorded in seasons when water levels in 
rivers were exceptionally high and large areas of land 
were inundated, when concurrently, habitat conditions 
in its eastern breeding grounds were unfavourable, 
forcing the population breeding there to leave and find 
new areas for reproduction (Ławicki et al. 2011).

The typical nesting habitat of White-winged Tern 
is naturally waterlogged grassland or swampy stand-
ing water (Kapocsy 1979, Cramp 1985, Ilicziew 
1988). The habitats in the new areas were described 
as temporarily flooded meadows (Gruneberg & 
Boschert 2009, Shurulinkov et al. 2010, Golaws-
ki et al. 2015), although in dry seasons this species has 
also occurred on ox-bow lakes, especially if they sup-
port dense patches of water soldier Stratiotes aloides 
(Dombrowski et al. 2014, Golawski & Mroz 2019). 
During high-water seasons, White-winged Tern colo-
nized waterlogged sedge fields three times more of-
ten than Black Tern did, while the latter nested three 
times more frequently on ox-bow lakes. In addition 
to the differences in nesting habitat type, the area of 
open habitat around colonies also differed between 
the two species (Golawski et al. 2015). Clearly, the 
habitat preferences of White-winged Tern are also re-
flected in hatching success, which was significantly 
higher in waterlogged sedges than on ox-bow lakes 
(Golawski et al. 2016a).

The aim of this study was to describe the nest-
ing habitat preferences of these sympatric tern spe-
cies in the steppes of south-western Siberia. This 
region is the eastern extremity of the geographical 
range of Black Tern but near the centre of the dis-
tribution of White-winged Tern. We expected that 
the two tern species would select different types of 
nest site. Our hypotheses were: 1) that Black Tern 
colonies are situated in areas characterized by larger 
water bodies and 2) that White-winged Tern breed-
ing sites are characterized by larger areas of open 
landscape and longer distances to forests and settle-
ments. These predictions are based on general de-
scriptions of their habitats given by Cramp (1985), 
as well as studies of habitat selection by these spe-
cies in eastern Europe (Golawski et al. 2015). 
Knowledge of the nesting requirements of both terns 
in a different geographical region may be useful for 
our own conservation plans. This is particularly im-
portant in the context of suggestions for restoring 
high-quality wetland habitats, even if currently un-
occupied (Wyman & Cuthbert 2016).

Materials and Methods
Study area
The study area encompassed much of the Kulunda 
steppe of Altai Krai in southern Russia (N 52°41’, E 
81°36’). The eastern border of the area was based on 
road No. A322 between the city of Barnaul and the 
town of Rubtsovsk, the southern and western bor-
ders were delineated by the frontier with Kazakhstan, 
and the northern border followed the border of Al-
tai Krai and the River Ob. Some of the lakes (e. g. 
Maloye Yarovoye Lake, Mostovoye Lake) are devoid 
of vegetation but a significant number of them have 
well-developed aquatic plants such as common reed 
Phragmites australis and bulrush Typha sp., while 
the shores of the lakes support a variety of plants, 
including rushes Juncus sp. and Sweet Flag Acorus 
calamus (Abramovitsch & Bejrom 1965). Some 
lakes are protected by law within larger protected 
areas, e.g. the Mamontovsky and Zawyalovsky Na-
ture Reserves (Karyakin & Nikolenko 2015). The 
relief is flat and the lakes are situated in the steppe 
zone but part of the area is covered with forest. The 
original natural vegetation of the steppes has been 
dramatically altered: much has been converted into 
farmlands. Cultivated plants include summer wheat 
(the main cereal), maize, sunflower, vetch-oat mix-
tures, rape seed as well as millet from fresh fodder 
and brome grass, lucerne and clover. Parts of the 
steppe are used as meadows and pasture (Meyer et al. 
2008). The climate of the steppe is decidedly conti-
nental. Maximum summer temperatures are 38–41oC, 
minimum winter values from -470C to -500C (Meyer 
et al. 2008). The mean annual precipitation is from 
230 to 350 mm; 70% of the total annual precipitation 
falls during the warm season (Lebedeva et al. 2008). 
In July 2017, the mean temperature was 26.60C and 
the precipitation was 79.76 mm (data for Rubtsovsk, 
https://en.tutiempo.net/climate). 

Data collection
The study was carried out from 5 to 15 July 2017. 
In early July, some breeding pairs (ca 30% of Black 
Tern) already had flying juveniles, which had not yet 
left the colonies. The numbers of adults were calculat-
ed on the basis of observations of adult birds feeding 
their young. During this period, we visited 64 lakes, 
finding breeding terns on 24 of them. The number 
of breeding pairs was calculated from the equation: 
number of pairs = 0.7 x number of individuals in the 
colony (after Bullock & Gomersall 1981, Halter-
lein & Sudbeck 1996). This assumed conversion rate 
helps to compensate for the absence of birds feeding 
away from the colony during the survey (Golawski 
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et al. 2015). At that time, most breeding pairs proba-
bly had their fi rst broods, although repeat broods can-
not be excluded. The vegetation types associated with 
the tern colonies were classifi ed during the surveys 
as follows: emergent vegetation (reed and/or bulrush 
– terns nested on broken reeds or bulrushes), water 
soldier and sedge Cladium sp. As in Brandolin & 
Blendinger (2016) and Tang et al. (2016), Google 
Earth (2018) tools, i.e. length, circle and polygon, 
were used to calculate all the habitat parameters. Dur-
ing the fi eld inspections, the GPS coordinates of the 
tern colonies and unoccupied lakes were designated, 
and the vegetation cover and shoreline of all the lakes 
were checked against the high-resolution image maps 
available in Google Earth. The following parameters 
were calculated: 1) areas of open habitats (arable 
fi elds, grasslands) and surface area of water bodies 
within a radius of 1 km from the centre of each col-
ony; 2) the distances separating an occupied colony 
from the nearest villages and the nearest woodland 
(larger than 1 ha); 3) the surface area of lakes and 
their vegetation cover (Table 1). To determine the 
nesting habitat preferences, the 40 lakes where we did 
not observe either of the tern species were also sam-
pled and the corresponding habitat parameters deter-
mined. The radius of 1 km was defi ned by using the 
mean distance of the colony from the lake shore (0.19 
km). This distance was measured based on a random 
part of the lake (N, W, S and E).

Statistical analyses
The diff erences between White-winged Tern and 
Black Tern in their nesting sites were evaluated using 
the chi2 test. The infl uence of habitat variables on tern 
occurrence was analysed using general linear mod-
els (GLM) with a binary distribution and logit link 
function (McCullagh & Nelder 1989). Lakes with 
colonies (1) and unoccupied lakes (0) were treated 
as binomial dependent variables, while seven habitat 
variables were continuous predictors (Table 1). The 

models were constructed using the glmer function in 
the lme4 package for R (Bates et al. 2015). Model 
selection was performed using the information-the-
oretic approach (AIC) proposed by Burnham and 
Anderson (2002). All possible combinations of the 
global model were analysed using the dredge function 
in the MuMln package for R (Bartoń 2016). Only 
the models with AIC≤2 are discussed, because they 
are treated as being equally supported (Burnham & 
Anderson 2002). Multiple competing models were 
assessed with regard to their fi t to the data using AIC 
as the leading criterion, and the models with the low-
est AIC value were selected as the best fi tting models. 
All data were analysed in the R environment (R Core 
Team 2019). The values reported are the mean ± 1 
SE. Only those results with a probability of α ≤ 0.05 
are assumed to be statistically signifi cant.

Results
We located 14 colonies of White-winged Tern with a 
total number of 360 pairs and 15 Black Tern colonies 
with 303 pairs. Most colonies of Black Tern were situ-
ated in emergent vegetation, whereas those of White-
winged Tern were more often in sedges (Fig. 1). Both 
species chose patches of water soldier. The diff erences 
between the two species in the number of colonies sit-
uated on the three vegetation types were statistically 
signifi cant (chi2 = 14.08; df = 2; p < 0.001).

Models containing seven habitat predictors were 
created separately for each tern species on the basis of 
Akaike’s information criterion (AIC) (Table 2). For 
Black Tern, the best model describing the probabil-
ity of a breeding site being occupied included just 
one factor: the surface area of the water body within 
a radius of 1 km of such a site. For White-winged 
Tern, however, three habitat factors were included in 

Table 1. Habitat variables for analysing the choice of breed-
ing sites by White-winged Tern Chlidonias leucopterus and 
Black Tern Chlidonias niger in south-western Siberia.

Code Description
Grass Area Area of grassland within a radius of 1 km (km2)

Water Area Total the surface area of the water bodies 
within a radius of 1 km (km2)

Field Area Area of fi elds within a radius of 1 km (km2)

Lake Area Area of unoccupied lakes and lakes with tern 
colonies (ha)

Veget Area Area of emergent vegetation on lakes (ha)
Forest Dist Distance to nearest woodland (km)
Settl Dist Distance to nearest settlement (km)

1 

 

 

 

Fig. 1. Number of colonies of White-winged Tern Ch-
lidonias leucopterus and Black Tern Chlidonias niger in 
three vegetation types in south-western Siberia. 
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the best model: area of lake, distance to the nearest 
woodland and distance to the nearest settlement. The 
other three habitat parameters – area of grassland, 
area of fields and area of emergent vegetation – were 
omitted from the next step in the analysis. The best 
GLM model created for Black Tern showed that the 
differences between unoccupied lakes and lakes with 
colonies in the total surface area of the water bodies 
were close to significant (Table 3). Black Tern tended 
to choose a larger surface area of water within a ra-
dius of 1 km around their colonies (Table 4). In the 
best model for White-winged Tern, the distance to 
the nearest forest was significant, the distance to the 
nearest settlement was close to significant but the area 
of the lake was non-significant (Table 3). This tern’s 
breeding sites were further away from forests and set-

tlements than unoccupied lakes (Table 4).

Discussion
Both species nested on lakes but they used the avail-
able vegetation as nesting places in different ways. 
White-winged Tern nested in patches of sedge along 
lake shores, whereas Black Tern predominantly did 
so in emergent vegetation, which is the typical habi-
tat for this species (Mazzocchi et al. 1997, Mat-
teson et al. 2012). The third vegetation type used 
as a nesting site, chosen by both species, consisted 
of patches of water soldier, even though this plant 
occurred only in a few wetlands. Although water 
soldier patches are perfectly suitable for nesting in, 
clutches can fail if the weather should deteriorate 
(Golawski et al. 2017). Nests built in patches of 
water soldier can be torn away from their “moor-
ings” by thunderstorms and strong winds, and are 
subsequently abandoned by the parent birds. Colo-
nies of Black Tern were found in this type of habitat, 
but far more often in ox-bow lakes than colonies of 
White-winged Tern (Golawski et al. 2015).

We found differences between both species 
with regard to nest site selection: White-winged 
Tern preferred sites farther away from wooded ar-
eas. This factor is probably related to this species’ 
preferred foraging area, because it requires a more 
open landscape than Black Tern (Ilicziew 1988, 
Golawski et al. 2015). In turn, our results showed 
that two habitat parameters – area of grassland and 

Table 2. Results of models describing the influence of habitat factors on the occurrence of White-winged Tern Chlido-
nias leucopterus and Black Tern Chlidonias niger. Degrees of freedom (df), model log-likelihood (LL), corrected AIC 
criterion (AICc), difference between the model and the best model in the data set (Δ AICc), and weight for the model 
(AICcwt) are shown.

Model (fixed effects) df LL AICc Δ AICc AICcwt
Unoccupied lakes (0) ver. lakes with Black Tern colonies (1)

Intercept+WaterArea 2 -30.673 65.6 0.00 0.052
Intercept 1 -32.227 66.5 0.95 0.032
Intercept+WaterArea+LakeArea 3 -30.073 66.6 1.04 0.031
Intercept+WaterArea+LakeArea+VegetArea 4 -28.969 66.7 1.16 0.029
Intercept+WaterArea+LakeArea+VegetArea+SettlDist 5 -27.813 66.9 1.27 0.027
Intercept+WaterArea+ForestDist 3 -30.239 66.9 1.37 0.026
Intercept+WaterArea+SettlDist 3 -30.339 67.1 1.57 0.024
Intercept+WaterArea+LakeArea+VegetArea+SettlDist+ForestDist 6 -26.786 67.3 1.74 0.022
Intercept+WaterArea+GrassArea 3 -30.435 67.3 1.76 0.021
Intercept+SettlDist 2 -31.595 67.4 1.84 0.021

Unoccupied lakes (0) ver. lakes with White-winged Tern colonies (1)
Intercept+ForestDist+LakeArea+SettlDist 4 -22.186 53.2 0.00 0.105
Intercept+ForestDist 2 -24.976 54.2 1.00 0.064
Intercept+ForestDist+SettlDist 3 -23.979 54.4 1.25 0.056
Intercept+ForestDist+LakeArea 3 -24.302 55.1 1.89 0.041

Table 3. Estimates of model coefficients for the best mod-
els of factors affecting nesting site selection by White-
winged Tern Chlidonias leucopterus and Black Tern Ch-
lidonias niger in south-western Siberia.

Parameters Estimate Standard 
Error Z value P value

Control lakes (0) ver. Black Tern (1)
Intercept -2.149 0.782 -2.747 0.006

WaterArea 0.928 0.544 1.711 0.087
Control lakes (0) ver. White-winged Tern (1)

Intercept -2.487 0.698 -3.565 <0.001
LakeArea -0.397 0.260 -1.526 0.127
ForestDist 0.284 0.116 2.439 0.015
SettlDist 0.504 0.260 1.939 0.053
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area of fields – had no effect on the occurrence of 
White-winged Tern. This could be explained by the 
character of the landscape. The open steppe habi-
tat is predominant in the study area and the birds 
probably do not have to choose specific sites based 
on these characteristics. In contrast to these results, 
there is a greater proportion of open habitats around 
White-winged Tern breeding colonies in the western 
part of their range (Golawski et al. 2015), which 
must be due to the different landscape components, 
especially mosaics of open and wooded habitats. 

Our analyses also showed that White-winged 
Tern nested at a greater distance from the nearest 
settlements in comparison to the unoccupied lakes. 
This habitat parameter seems to be more important 
for nesting habitats in western Asia than in eastern 
Europe (Golawski et al. 2015). The avoidance of 
the immediate vicinities of built-up areas is prob-
ably connected with the risk of nest losses to mam-
mals or corvids, likely to be present in these places. 
In contrast to Black Tern, White-winged Tern occu-
pied shallow, waterlogged habitats, which are more 
susceptible to predators (Ilicziew 1988, Golawski 
et al. 2016a). Moreover, there is a higher risk of pen-
etration of such habitats by livestock, which may on 
occasion destroy nests (Mielnikov 1977).  

Unlike the foraging areas of White-winged 
Tern, those of Black Tern commonly contain a lot of 
open water bodies (Chapman Mosher 1987, Ber-
nard 1999, Wyman & Cuthbert 2016). The results 
of this study corroborated the preferences for this 
habitat parameter: the surface area of water bodies 
around Black Tern colonies was greater than that of 
unoccupied lakes. A study of wetland selection in 
North America showed that breeding terns selected 
areas with interspersed open water and emergent 
vegetation, whereas foraging terns selected open-
water wetlands (Steen & Powell 2012). 

In conclusion, these two tern species occurred 
in the same general area but differed in their use of 

nesting habitats. Specifically, they nested in differ-
ent types of vegetation: White-winged Tern did so 
most often in patches of sedge, Black Tern predomi-
nantly in emergent vegetation. Black Tern chose 
lakes in the vicinity of other water bodies, whereas 
White-winged Tern avoided the proximity of forests 
and villages. These factors are probably related to 
feeding requirements and the risk of nest loss.

Acknowledgments: We would like to thank Viktor Jurevich Petrov 
for his help in organizing the field work. The results of the research 
carried out by ZK, UZ and AG under research themes No. 16/91/s 
and 75/94/s were financed from the science grant awarded by the 
Ministry of Science and Higher Education, Poland. We appreciate 
the improvements in English usage made by Phil Whitford through 
the Association of Field Ornithologists’ program of editorial 
assistance.

References

Abramovitsch D. & Bejrom S. (ed.). 1965. Hydrology of the 
Kulunda and adjacent areas. Novosibirsk.

Allen, M. C., J. Burger and J. L. Lockwood. 2019. Evalua-
tion of unharvested refugia for grassland bird conservation 
within active hayfields. Avian Conservation and Ecology 
14 (2): 15.

Bartoń K. 2016. MuMln: Multi-Model Inference. R package 
version 1.15.6: https://cran.r-project.org/web/packages/
MuMIn

Bates D., Maechler M., Bolker B. & Walker S. 2015. Fitting 
linear mixed-effects models using lme4. Journal of Statistical 
Software 67: 1-48.

Beintema A. J. 1997. European Black Terns (Chlidonias niger) in 
trouble: examples of dietary problems. Colonial Waterbirds 
20: 558-565.

Bernard L. J. 1999. Habitat selection and breeding success of 
black terns (Chlidonias niger) in impounded wetlands in 
New Brunswick. M. Sc. Thesis, The University of New 
Brunswick.

Brandolin P.G. & Blendinger P.G. 2016. Effect of habitat and 
landscape structure on waterbird abundance in wetlands 
of central Argentina. Wetlands Ecology and Management 
24: 93–105.

Bullock I. D. & Gomersall C. H. 1981. The breeding popula-
tions of terns in Orkney and Shetland in 1980. Bird Study 
28:187–200.

Table 4. Variables describing the nesting habitats of White-winged Tern Chlidonias leucopterus and Black 
Tern Chlidonias niger in south-western Siberia.

Variable
Lakes with Chlidonias leucopterus, 

n=14
Lakes with Chlidonias niger, 

n=15 Unoccupied lakes, n=40

Mean SE Range Mean SE Range Mean SE Range
GrassArea 1.54 0.16 0.74-2.67 1.33 0.16 0.35-2.41 1.42 0.09 0.44-2.74
WaterArea 1.27 0.19 0.16-2.29 1.42 0.14 0.73-2.57 1.10 0.09 0.162-2.35
LakeArea 1.60 0.49 0.05-5.97 2.49 0.71 0.05-10.23 2.22 0.44 0.09-13.54
FieldArea 0.29 0.42 0.00-1.22 0.21 0.42 0.00-1.38 0.34 0.50 0.00-1.82
VegetArea 0.77 1.00 0.01-3.18 1.49 1.85 0.04-6.99 0.94 1.91 0.00-11.16
ForestDist 9.04 3.22 0.82-47.77 2.21 0.58 0.26-9.31 2.51 0.39 0.38-13.87
SettlDist 2.65 0.60 0.54-7.75 2.06 0.49 0.23-7.75 1.53 0.22 0.11-5.22



6

Kasprzykowski Z., A. Matsyura, U. Zaremba & A. Golawski

Burnham K. P. & Anderson D.R. 2002. Model Selection and 
Multimodel Inference: A Practical Information-Theoretic 
Approach. Springer, New York, USA.

Chapman Mosher B. A. 1987. Factors influencing reproductive 
success and nesting strategies in Black Terns. Ph. D. Thesis, 
Simon Fraser University, Burnaby, Canada.

Cramp S. 1985. The Birds of the Western Palearctic, vol. 4. Ox-
ford University Press, Oxford, United Kingdom.

Dombrowski A., Goławski A., Kasprzykowski Z., Mroz, E., 
Parapura, A., Trębicki, L., et al. 2014. Breeding colo-
nies of the White-winged Tern Chlidonias leucopterus, 
Black Tern Ch. niger and Whiskered Tern Ch. hybrida on 
Mazowsze Lowland in 2013. Ornis Polonica 55: 219-224.

Elmberg J., Arzel C., Gunnarsson G., Holopainen S., Nummi 
P., Pöysä, H. & Sjöberg, K. 2020. Population change in 
breeding boreal waterbirds in a 25-year perspective: what 
characterizes winners and losers? Freshwater Biology 
167-177. doi: 10.1111/fwb.13411

Golawski A., Kasprzykowski Z. & Mroz E. 2017. Wind dif-
ferentiates reproduction in the non-expansive Black Tern 
Chlidonias niger and the expansive White–winged Tern 
Chlidonias leucopterus. Aquatic Ecology 51: 235-245. 

Golawski A., Kasprzykowski Z., Ledwoń M., Mroz E., Morelli 
F. 2016b. Brood sex-ratio in expansive and non-expansive tern 
species in east-central Poland. Bird Study 63: 31-36.

Golawski A., Kasprzykowski Z., Mroz E., Rzepala M. & Chmie-
lewski S. 2015. The differences in habitat selection in two 
sympatric species of eastern Poland: the White-winged Tern 
(Chlidonias leucopterus) and the Black Tern (Chlidonias 
niger). Wilson Journal of Ornithology 127: 52-57.

Golawski A., Mroz E. 2019. Differences in nest site characte-
ristics and hatching success in White-winged Tern (Chli-
donias leucopterus) and Black Tern (Chlidonias niger). 
Hydrobiologia 828: 1-10.

Golawski A., Mroz E. & Kasprzykowski Z. 2016a. Breeding 
performance of the White-winged Tern (Chlidonias leuco-
pterus) in two habitat types at the edge of their distribution 
range. Ornis Fennica 93: 225-234. 

Google Earth application 2018. https://www.google.pl/intl/
pl/earth/ . 

Gruneberg C. & Boschert M. 2009. Weisbart- und Weisflugelsee-
schwalben in Deutschland: Bestandsentwicklung und aktu-
elle Brutverbreitung. DDA-Monitoring-Rundbrief 1: 9–13.

Halterlein B. & Sudbeck P. 1996. Brutbestands-Monitoring von 
Küstenvöeln an der deutschen Nordseekuste. Vogelwelt 
117: 277–285.

Ilicziew W. D. 1988. The birds of USSR, Laridae. Moscow, SSSR.
Kapocsy G. 1979. Weßflügel- und Weißartseechwalbe. A. 

Ziemsen Verlag. DDR Wittenberg, Lutherstadt, Germany.
Karyakin I. V. & Nikolenko E. G. 2015. The results of the 

project on creation of special protection zones in pine 
forest nature reserves of the Altai Kray based on data from 
the long-term monitoring of raptors’ nesting sites, Russia. 
Raptors Conservation 31: 75-102. (In Russian)

Laurel B. J. 1999. Habitat selection and breeding success of black 
terns (Chlidonias niger) in impounded wetlands in New 
Brunswick. Dissertation, University of New Brunswick.
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