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Modelling multiple 
response variables

2

General linear models (not Generalized linear model)

Y (response) is a continuous variable
X (predictor) is a continuous variable
A represents categorical predictors (factors)
g represents groups of data
p represents the number of predictors

Linear Model Common name
Y = µ + X Simple linear regression
Y = µ + A! One-factorial (one-way) ANOVA

Y = µ + A! +A" +A!×A" Two-factorial (two-way) ANOVA
Y = µ + A! + X (+A!× X) Analysis of Covariance (ANCOVA)
Y = µ + X! + X" +X# Multiple regression
Y = µ + A! + g + A!× g Mixed model ANOVA
Y! +Y" +⋯Y#
= µ+A! +A" +A!×A"

(Y!, Y," , …Y$) = µ+X! +X" +⋯X$

Multivariate ANOVA (MANOVA) 

and RDA (Redundancy Analysis)
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Classic multiple regression

!

=

!

+

ε

predictor
variables

response
variable residuals
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Extending the classical multiple regression to 
multiple response variables
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predictor
variables
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variable

residuals
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Modelling multiple response variables

Identify commonalities and differences among response 
variables in their relationships with predictors:

• Which response variables share common   
   patterns of variation in relation to specific   
   predictors?

• Which response variables exhibit distinct or  
   unique variation with respect to certain 
   predictors?
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Redundancy Analysis

The basics - 
1) Each response separately is regressed against all 

predictors.
2) Predicted values from each separate regression are then 

used in a Principal Component Analysis (PCA) so that 
common and unshared trends of variation in predicted 
values are described. 
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Redundancy Analysis

The basics - 
1) Each response separately is regressed 

against all predictors.
2) Predicted values are used in a PCA so 

that common and unshared trends of 
variation are uncovered and 
described. 

Because the PCA here is based on predicted Y values 
rather than the original Y values, the method is known as 
“constrained PCA”; since PCA is an ordination method, 
the general method is known as “constrained 
ordination”.
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The usual data format for Redundancy Analysis

Y1 Y2 Y3 Y4

n1
n2
n3
n4
n5

nn

… …

…

X1  X2  X3  

…

Xp  Yk

…

…

…

…

Response variables Predictor variables
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Redundancy Analysis – some examples
Ex. 1
Benthic diatom communities respond rapidly to environmental change. At four 
shallow sites in the Windmill Islands (Casey, East Antarctica), redundancy 
analysis showed that sediment grain-size, light availability, and water depth 
explained 30% of the variation in diatom relative abundances. 

Sediment mud content (<63 μm) alone accounted for 18% of the variation 
across all sites, and over 25% within two sites. Location differences explained 
28% of variation, largely driven by site-specific differences in grain-size, light, 
and depth.

Cunningham L. and McMinn A. 2004. The influence of natural environmental factors on benthic 
diatom communities from the Windmill Islands, Antarctica. PHYCOLOGIA 43: 744-755 

10

The usual data format for Redundancy Analysis

Y1 Y2 Y3 Y4

n1
n2
n3
n4
n5

nn

… …

…

X1  X2  X3  

…

Xp  Yk

…

…

…

…

Response variables Predictor variables

sediment grain-size, light 
availability and water depth 
account

Diatoms
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Redundancy Analysis – some examples
Ex. 2
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Abstract

In spite of its importance in some agricultural landscape, abandoned farmland remains relatively little studied. Yet it is central to several land
management issues: ecological (biodiversity), economic (agricultural or forest productivity) and landscape issues. In order to better address these
issues, this study proposes to define how abandoned farmland is perceived in an intensive agricultural landscape. Using photographs, the perceptions
of abandoned farmland (herbaceous and shrub dominated) and 5 other land uses (hay fields, corn fields, pastures, woodlots and plantations) were
measured from a sample of 33 abandoned farmland owners in order to compare and rank the perceptions of abandoned farmland to that of other
types of land use. Perceptions of landscape changes and the importance of abandoned farmland within properties were studied. The statistical
analyses used allowed us to establish relationships between the different perceptions and the socio-economic characteristics and value indicators
of the land owners. The analyses establish that abandoned farmland produces the most negative perceptions, followed by corn fields. Conversely,
woodlots are the land use that is the most appreciated. The attitude towards the environment was one of the variables most often significant in
explaining the perceptions encountered. Analysis of landscape evolution reveals an intensification of agricultural practices that may lead to the
conversion of abandoned farmlands into cultivated land. Finally, abandoned farmland is perceived, at the scale of the individual property, as the
land use having the least value (as opposed to corn fields) and being the least appreciated (as opposed to forests).
© 2007 Elsevier B.V. All rights reserved.

Keywords: Land owners; Landscape evolution; Agricultural landscape; Land uses; Socio-economic factors; Environmental values; Redundancy analysis

1. Introduction

Agricultural landscapes are undergoing profound changes,
in North America as well as in Europe (Moreira et al., 2001;
Pan et al., 1999; Romero-Calcerrada and Perry, 2004). These
landscape transformations, caused mainly by changes in agricul-
tural practices, lead to the creation of new environments, such
as abandoned farmland (CEMAGREF, 1999; Hunziker, 1995;
Hunziker and Kienast, 1999). Although the perceptions of agri-
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cultural landscapes has already been the subject of a number of
studies (Brush et al., 2000; Franco et al., 2003; Gomez-Limon
and de Lucio, 1999; Williams and Cary, 2001), there are no
North American studies that have really dealt with the percep-
tions about abandoned farmland, nor compared the perceptions
of these abandoned environments with those of other land uses.
The only studies on perceptions of abandoned farmland were
done in Europe, mostly in France (Arlaud, 1994; Liou, 1991) at
a time when a massive increase in abandoned farmland in the
landscape was expected (Brunet, 1991; Cabanel and Ambroise,
1990; de Mongolfier, 1988; Fottorino, 1989). In light of this
research, there seems to exist in Europe two major trends in terms
of abandoned land perceptions, the first reflecting a reaction of
rejection, and the second insisting on the poetic connotations
and feelings of freedom that are associated with such spaces
(Hunziker, 1995; Rouay-Hendrickx, 1991). The negative per-
ception of abandoned farmlands comes in part because they

0169-2046/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.landurbplan.2007.04.009

In order to establish relationships 
between the 10 perception criteria 
of a land use type and the socio-
economic variables of the owners, 
canonical redundancy analyses 
(RDA) were done for each land 
use using the Canoco programme 
(ter Braak and Smilauer, 2002).
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Fig. 1.

total of 2136 degree-days (above 5 ◦C) and is part of the most
productive agricultural zone of Québec. The geology of the
Upper-St. Lawrence MRC consists primarily of the Beekman-
town Group and the Potsdam Group. The first geological group,
located mainly to the west of the study area, consists mostly
of dolomite, whereas sandstone makes up most of the Potsdam
Group (Globensky, 1987). The surface deposits are mainly of
marine, glacial, littoral and late-glacial origin (Bariteau, 1988).
The Upper-St. Lawrence region is located within the sugar
maple-hickory climatic domain, where forests on mesic sites are
dominated by Acer saccharum, accompanied by Carya cordi-
formis, Ostrya virginiana, Tilia americana, Fagus grandifolia
and Tsuga canadensis (Bouchard and Brisson, 1996).

The study area covers 121 km2 to the west of Huntingdon
(Fig. 1), and its exact limits correspond to an Ikonos satellite
image taken in August 2000. The area includes parts of three
municipalities: St-Anicet to the north-west, Godmanchester in
the centre, and Elgin to the south-east. The targeted area con-
sists mainly of two major land use matrices, one agricultural and
the other forested, both entwined and present in nearly equal

proportions. The main land uses are pasturing and hay fields
(extensive agriculture), corn fields (Zea mays intensive agricul-
ture), woodlots, tree plantations, as well as abandoned farmland
(herbaceous and shrub dominated). Approximately 180 aban-
doned farmlands dominated by herbaceous plants or by shrubs
were identified by remote sensing tools in the study area. In
57 cases, the same person owned more than 1 abandoned land;
some owned up to 7. Some abandoned farmland were divided
according the lot boundary and than consider as independent
from one other for sampling purposes (Benjamin et al., 2005).

In the area, European colonization, which began in the early
19th century, resulted in intensive forest exploitation and in the
rapid expansion of agriculture (Bouchard and Domon, 1997;
Brisson and Bouchard, 2003; Simard and Bouchard, 1996).
Historically centred on dairy production, the agriculture of
southern Québec underwent during the 1970s a major change
to cereal production (Domon et al., 1993). The large increase in
dairy productivity, the stagnation of demand for milk and var-
ious governmental policies (i.e. subsoil drainage) at the time
prompted farmers to convert their farms to cereal production.
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The first questions asked served to establish the socio-
economic profile (sex, age, education level) of the people
interviewed. In order to provide a better picture of the types of
individuals encountered, variables such as the number of chil-
dren, spoken language, and employment sector were recorded.
The primary sector is made of those involved in the primary
transformation of resources (i.e. farmers), the secondary sector
is made of those working in the transformation of primary goods
into products (i.e. labourers), and the tertiary sector is made of
those providing services (i.e. school principal). Retired people
are classified as pensioners. Because being a farmer was sus-
pected to be a variable that could imply a sharp contrast in the
perception of this mixed agricultural and forested area (Brush et
al., 2000), variables linked to the area owned, to the value of the
land and of the buildings were recorded from the property evalu-
ation rolls, available at the MRC offices. The membership in the
Union of Agricultural Producers (UPA), the agricultural union
to which almost all Québec farmers belong, was also recorded.
Data associated with the abandoned land itself were also taken
into account, such as its successional stage (herbaceous or shrub
dominated) and the time elapsed since its purchase. Finally, the
research recently carried out in this area (Paquette and Domon,
2003; Roy et al., in press) strongly suggests that the socio-
demographic re-composition currently occurring renders usual
variables (age, education level) insufficient to capture the per-
ceptions about the area. In an attempt to understand as clearly
as possible the perceptions about the study area, three types of
variables, less frequently used, were recorded.

(1) The origin of the owner. When the owner considered
having spent most of his life in an urban setting, the status of neo-
rural was assigned to him; conversely, if an individual considered
having spent most of his life in the country, we considered this
owner to be rural. (2) The domestic landscape trajectories. The
type of property owned can contribute in revealing the con-
victions or the values of an owner. To this purpose, domestic
landscape trajectories were used to classify the type of house
in which the owners interviewed lived (Paquette and Domon,
2003). Three of the four types of domestic landscape trajecto-
ries developed by Paquette and Domon (2003) were encountered
during our study, farming, decline and non-farming. (3) The
attitude of owners towards the environment. These values were
determined using 10 statements (Table 2) taken from the work
of Kaltenborn and Bjerke (2002); 4 statements for the ecocen-
trism subscale, 4 statements for the anthropocentrism subscale
and 2 statements for the environmental apathy subscale. The
response scale was strongly disagree to strongly agree. Data
was coded as: strongly disagree = 0; moderately disagree = 0.25;
neither agree nor disagree = 0.5; moderately agree = 0.75 and
strongly agree = 1. Environmental value orientations were ana-
lyzed by calculating sum scores for each of the three subscales;
environmental apathy subscale was multiplied by 2. Kaltenborn
and Bjerke (2002) have shown that general trends in the percep-
tions of the agricultural territory become more nuanced when
the attitude of people towards their environment is taken into
account. This kind of description of the owner is a tool used in
environmental psychology in order to obtain a better grasp of the
perceptions of people or their reactions towards the environment

Table 2

Statements Subscale

(a) I enjoy spending time in natural settings just for the sake
of being out in nature

ECO

(b) It seems to me that most conservationists are pessimistic
and somewhat paranoid

APATH

(c) One of the most important reasons to keep rivers and
lakes clean is so that people can have a place to relax
and to practice some hobbies.

ANTHR

(d) Efforts and money invested in conservation programs
are exaggerated

APATH

(e) The worst consequence of the agricultural
modernization is the lost of the wetlands

ECO

(f) A woodlot has to be managed ANTHR
(g) Nature is important because of what it can contribute to

the pleasure and welfare of humans
ANTHR

(h) One of the most important reason for conservation is to
preserve natural areas

ECO

(i) The landscapes that I prefer are wild and unmanaged ECO
(j) We have to conserve woodlot in order to ensure a

sufficient supply of wood for the next generation
ANTHR

(Kortenkamp and Moore, 2001; Schultz and Zelezny, 1999).
The categories used in these studies and in this study are those
produced by Thompson and Barton (1994), which are ecocen-
tric, anthropocentric and apathetic. The ecocentric attitude is to
appreciate nature for its own (intrinsically), the anthropocentric
attitude is to appreciate nature because it maintains or enhances
human quality of life, and the apathetic attitude is to be indif-
ferent towards the environment (Thompson and Barton, 1994).
All of the criteria used to describe the owners are presented in
Table 1.

Once the questions required to establish the socio-economic
profile were answered, the questionnaire asked the owners to
make statements about seven photos representing each of the
major land uses of the region (Fig. 2).

Respondents expressed themselves using semantic scales
(Table 3), where two opposite terms were positioned at the oppo-
site ends of a numerical scale. The perceptions about land uses
were thus recorded based on 10 criteria. The choice of these

Table 3

The two dotted lines indicate the grouping of answers into three classes in order
to make the recorded data fit the requirements of χ2 tests.

Land perception – criteria (response variables)

In order to establish relationships between the 10 perception criteria 
of a land use type and the socio-economic variables of the owners, 
canonical redundancy analyses (RDA) were done for each land use 
using the Canoco programme (ter Braak and Smilauer, 2002).
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Fig. 2.

criteria was done so that each of them could first of all apply to
the seven land use types submitted to the owners. These crite-
ria were also chosen on the basis of their occurrence in studies
on the perceptions of these land uses (Charles, 1979; Goislard,
1954; Liou, 1991; Rouay-Hendrickx, 1991).

Afterwards, the respondents that had lived in the region for
more than 30 years were asked whether there had been an
increase, a constant amount or a decrease in the seven land uses
during the last 30 years. This last question was asked in order
to understand how the respondents perceived landscape changes
over a 30-year period, but this question was mostly to determine

if people had perceived an increase in abandoned farmland in
their region. Finally, all respondents had to indicate, for each
land use type, if they predicted an increase, a steady amount or a
decrease of their proportion in the composition of the landscape
over the next 10 years.

In the section on perceptions about abandoned farmland at
the scale of the property, questions were open and were directed
at the most and the least preferred sections of the property, as
well as those that had the most and the least value in their eyes.
The objective of these questions about their property was to gain
a good understanding of the relationship between the owner and

Y
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Table 1

Origin of the owner
Neo-rural 8
Rural 25

Age
Between 30 and 40 years 4
Between 40 and 50 years 12
Between 50 and 60 years 9
Between 60 and 70 years 3
Between 70 and 80 years 3
More than 80 years 2

Occupation sector
Primary sector (farming) 13
Secondary sector (labourer) 8
Tertiary sector 6
Retirees and pensioners 6

Education level
Primary 6
Secondary-college 23
University 4

Number of children
None 6
1 1
2 11
3 9
4 4
5 1
6 and more 1

Language spoken
French 23
English 10

Stage of abandoned farmland
Shrub dominated 23
Herbaceous 10

Time since acquisition of abandoned farmland
Less than 10 years 9
10–19 years 12
20–29 years 6
30–39 years 3
More than 50 years 3

Type of property
Farming 21
Non-farming 7
Decline 5

Area owned (acres)
Less than 100 acres 9
Between 100 and 200 acres 10
Between 200 and 300 acres 2
Between 300 and 400 acres 5
Between 400 and 500 acres 3
Between 500 and 600 acres 3
Between 700 and 800 acres 1

Value of the land
0–25,000$ 4
25,001–50,000$ 11
50,001–75,000$ 3
75,001–100,000$ 3
100,001–200,000$ 3
200,001–300,000$ 3
300,001–500,000$ 4
500,001$ and more 2

Table 1 (Continued )

Value of buildings
0–25,000$ 1
25,001–50,000$ 10
50,001–75,000$ 8
75,001–100,000$ 2
10,0001–200,000$ 6
200,001–300,000$ 3
300,001–500,000$ 3

Member of UPA
No 17
Yes 16

Mean value
Ecocentric 78.5%a

Anthropocentric 73.75%a

Apathetic 33.75%a

Note. The quantitative variables are presented here in a semi-quantitative manner
(in classes) for ease in data presentation; these variables were, however, used in
their quantitative form in the analyses.

a These data are not a sample size but the mean of the 33 owners.

These changes created a reduction of cultivated areas on stony
soils (pastures) and an increase in the use of very fertile clay
soils, made easier to cultivate by widespread subsoil drainage
(Pan et al., 1999). Also, we can see in this area a constant
reduction in the number of farms in operation, and a concurrent
increase in the size of each farm. The intensification of agricul-
tural activities and the concentration of farm operations are thus
the two principal driving forces of landscape transformation in
this region.

A previous study of the ecological, spatial and historical
factors of the abandoned farmland of this region (Benjamin
et al., 2005) had identified two ecological groups which have
their own dynamics. The first group is composed of old pas-
tures on sloping, well-drained, stony soils, abandoned for over
20 years and currently dominated by tall shrub vegetation.
Conversely, the second group consists of an herbaceous envi-
ronment, sometimes with low shrubs, on poorly drained soils,
abandoned more recently and with a past agricultural use mostly
under cultivation. This research had highlighted the importance
of land use history, soil drainage and age of the abandoned
farmland, or the time elapsed since the abandonment of agri-
cultural activities, in understanding various types of abandoned
farmland.

2.2. Interviews

During fall 2002, 33 over 87 owners of abandoned farmland
in the study area (Benjamin et al., 2005) were met during a
directed interview which lasted for 2 h on average. An in depth
analysis of the dynamics of abandoned farmlands of the region
having just been completed in 2001 (Benjamin et al., 2005), the
owners interviewed for this study were those whose abandoned
farmland had been selected for analysis. The selection of aban-
doned farmlands had been designed to cover the widest range
of context and vegetation composition. Table 1 shows the range
of diversity in the owners based on their socio-economic status
variables and on their values indicators.
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These changes created a reduction of cultivated areas on stony
soils (pastures) and an increase in the use of very fertile clay
soils, made easier to cultivate by widespread subsoil drainage
(Pan et al., 1999). Also, we can see in this area a constant
reduction in the number of farms in operation, and a concurrent
increase in the size of each farm. The intensification of agricul-
tural activities and the concentration of farm operations are thus
the two principal driving forces of landscape transformation in
this region.

A previous study of the ecological, spatial and historical
factors of the abandoned farmland of this region (Benjamin
et al., 2005) had identified two ecological groups which have
their own dynamics. The first group is composed of old pas-
tures on sloping, well-drained, stony soils, abandoned for over
20 years and currently dominated by tall shrub vegetation.
Conversely, the second group consists of an herbaceous envi-
ronment, sometimes with low shrubs, on poorly drained soils,
abandoned more recently and with a past agricultural use mostly
under cultivation. This research had highlighted the importance
of land use history, soil drainage and age of the abandoned
farmland, or the time elapsed since the abandonment of agri-
cultural activities, in understanding various types of abandoned
farmland.

2.2. Interviews

During fall 2002, 33 over 87 owners of abandoned farmland
in the study area (Benjamin et al., 2005) were met during a
directed interview which lasted for 2 h on average. An in depth
analysis of the dynamics of abandoned farmlands of the region
having just been completed in 2001 (Benjamin et al., 2005), the
owners interviewed for this study were those whose abandoned
farmland had been selected for analysis. The selection of aban-
doned farmlands had been designed to cover the widest range
of context and vegetation composition. Table 1 shows the range
of diversity in the owners based on their socio-economic status
variables and on their values indicators.

In order to establish relationships 
between the 10 perception criteria 
of a land use type and the socio-
economic variables of the 
owners, canonical redundancy 
analyses (RDA) were done for 
each land use using the Canoco 
programme (ter Braak and 
Smilauer, 2002).

X
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The usual data format for Redundancy Analysis

Y1 Y2 Y3 Y4

n1
n2
n3
n4
n5

nn

… …

…

X1  X2  X3  

…

Xp  Yk

…

…

…

…

Response variables Predictor variables
Socio-economic variablesperception
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  b = (XTX)-1XTY

Step 1 – estimated predictive values

  
Y = bo + b1X1 + b2 X2 + b3 X3...+ bp X p

  Y
! = X(XTX)-1XTY

Estimating slopes for all predictors

General multiple regression equation

Estimating predicted values
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1 = X(XTX)-1XTY
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XY

  Y
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2 = X(XTX)-1XTY
  Y
!

3 = X(XTX)-1XTY

Step 1 – estimated predictive values
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Step 2 – PCA on predictive values

  Y
!

1 = X(XTX)-1XTY

=

XY

  Y
!

2 = X(XTX)-1XTY
  Y
!

3 = X(XTX)-1XTY

  Y!

PCA
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Fictional example (easy to understand)

What kinds of patterns do you observe?

Y (species densities) X (environmental predictors)
sites A B C D 1 2 3 4

1 1.2 10.4 0 0 7.34 0.17 0.63 53.73
2 2.2 20.6 0 0 7.31 0.09 0.37 49.75
3 3.4 30.1 0 0 10.82 0.18 0.66 54.35
4 4.3 41.3 0 0 9.73 0.05 0.59 37.83
5 5.1 52.1 0 0 15.66 0.04 0.59 47.23
6 0 0 1.3 11.4 0.36 1.33 2.25 62.09
7 0 0 2.1 22.6 0.07 3.06 3.54 72.83
8 0 0 3.5 31.4 0.56 3.36 5.60 91.93
9 0 0 4.1 39.8 0.05 1.54 6.42 90.03

10 0 0 5.2 49.1 0.25 2.05 8.75 72.03

19

1
 2

B
1

10
5

4 9

8

7

6
1

2

3

4 D

Variation
Total                     753.82     
Constrained        727.08    
Unconstrained     26.73

R2 (total): 0.9645

727.08/753.82=
0.9645

(P<0.001) – 
permutation based 
test – more in the 
tutorial

RDA 1 - R2 =0.8417 

RD
A 

2 
- R

2 
=0

.1
22

8

-6        -4        -2         0         2          4         6

-4
   

   
  -

2 
   

   
  0

   
   

   
2 

   
   

   
4 

   
  

2
3A C

Fictional example
RDA biplot – PCA on predicted values

20

Fictional example (for ease of understanding)
RDA biplot – PCA on predicted values

Response variables were mean-centered (mean = 0), while retaining their
original variance (i.e., not standardized to unit variance),  prior to running 
the regression model and calculating predicted values.

21
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Fictional example (for ease of understanding)
RDA biplot – PCA on predicted values

Response variables were standardized (mean=0, variance =1) prior to the 
regression model and calculating predicted values

22

Redundancy analysis (RDA) is a multivariate direct gradient analysis method in 
which variables are presumed to have linear relationships to environmental 
gradients (i.e., linear species response curves) (Birks, 1995). Only the sediment 
geo-chemistry from years 1975 to 1998 from each site was used in order to 
determine potential relationships between the present land use and sediment 
geochemistry. The correlation structure between sediment geochemistry and 
catchment and basin variables is summarized as an RDA correlation biplot.
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Abstract

Historical sediment nutrient concentrations and heavy metal distributions were studied in four estuaries in the Gulf of Finland, Baltic Sea to
examine the response of these estuaries to temporal changes in human activities. Cores were collected using a 1-m Mackereth corer and dated
using 210Pb and 137Cs. The cores were analyzed for total carbon (TC), total nitrogen (TN), total phosphorus (TP), organic phosphorus (OP),
inorganic phosphorus (IP), biogenic silica (BSi), loss-on-ignition (LOI), Cu, Zn, Al, Fe, Mn, K, Ca, Mg and Na. Principal component analysis
(PCA) was used to summarize the trends in the chemical variables and to compare the trends at the different sites. Applying the 1986 137Cs date
as a reference point, 210Pb chronologies were constructed for the sites using either the CRS model or a composite model (using both CIC and
CRS). Significant increases were observed in sedimentation rates, TP and TN concentrations in all of the cores. Copper showed clear increases
from 1850 towards present at all sites. Furthermore, redundancy analysis (RDA) was used to correlate environmental variables (catchment land
use, catchment size, estuary surface area, depth and lake percentage) to sediment geochemistry. Based on redundancy analysis (RDA), the per-
centage of agriculture in the catchment was the most important factor affecting the sediment accumulation rate. Urban land-use types and in-
dustry correlate well with sediment Cu and Ca concentrations. Forest areas were related to high sediment BSi concentrations. Catchment land
use was the most significant factor affecting sediment geochemical composition and sediment accumulation rates in these coastal embayments.
Our results demonstrate that the coastal estuaries of the Gulf of Finland respond to the increased nutrient loading with the increased sedimen-
tation and nutrient accumulation rates.
! 2007 Elsevier Ltd. All rights reserved.

Keywords: coastal sediments; nutrients; heavy metals; sediment chronology; Baltic Sea

1. Introduction

The Baltic Sea catchment has seen considerable agricul-
tural and industrial development over the last century. Long-
term historical records show the increased use of mineral fer-
tilizers during the last 50 years (Larsson et al., 1985), which is
reflected in the deteriorated environmental condition of the

Baltic Sea (Jansson and Dahlberg, 1999; Lundberg, 2005).
There are numerous indicators of eutrophication including
an increased organic content of the recently deposited bottom
sediments compared to the 1920s (Johnson and Carman,
1994), long-term decreases in Secchi-depth (Sandén and
Håkansson, 1996), the increased occurrence of filamentous
algae in coastal areas (Bonsdorff et al., 1997), and a 10-fold
increase in fish catches during this century which has been in-
terpreted to be due to the increased primary production in the
Baltic Sea (Hansson and Rudstam, 1990). These findings dem-
onstrate that severe eutrophication has occurred in the Baltic
Sea during this century (Lundberg, 2005).
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cluster and scored low on PCA axis 2. Pieni Pernajanlahti
samples were clustered together with low scores on PCA
axis 1. All the sites scored both negative and positive values
on axis 2, with the younger samples scoring higher and the
oldest samples scoring lower. Therefore, axis 2 is most likely
related to the age of the sediment. However, it can also be
a function of sedimentation rate or relative to sediment depth
from the sedimentewater interface and therefore reflect dia-
genesis. Fasarbyviken has the highest sedimentation rates
and had the highest scores on axis 2. Laajalahti and Hellän-
lahti with low sedimentation rates had the lowest scores on
axis 2. (Note that all sediment data for the entire core were
used for this analysis, not only the 210Pb-dated part of the sed-
iment core.)

Redundancy analysis (RDA) is a multivariate direct gradi-
ent analysis method in which variables are presumed to have
linear relationships to environmental gradients (i.e. linear spe-
cies response curves) (Birks, 1995). Only the sediment geo-
chemistry from years 1975 to 1998 from each site was used
in order to determine potential relationships between the pres-
ent land use and sediment geochemistry. The correlation struc-
ture between sediment geochemistry and catchment and basin
variables is summarized as an RDA correlation biplot (Fig. 6).
Both sediment geochemistry and catchment variables are pre-
sented by arrows, which are interpreted similarly as the arrows
in a PCA plot. Arrows pointing in the same direction reflect
high positive correlation, whereas arrows pointing in opposite
directions indicate a high negative correlation. Variables with
long arrows have the greatest variance in the data set. The ei-
genvalues of the first two axes were l1¼ 0.438 and l2¼ 0.198
accounting for nearly 64% of the variance. The eigenvalues of

axes 3 and 4 were considerably lower (l3¼ 0.118 and
l4¼ 0.085), and are, therefore, not discussed further.

Of the measured variables sediment accumulation rate was
strongly correlated with agriculture, i.e. field percentage of the
studied area. Cu and Ca are closely correlated with urban areas
and industry (urban dense: residential areas and areas of public
buildings, urban sparse: residential areas outside the popula-
tion centres, parks and recreational areas). The most forested
catchment areas were defined by the highest BSi concentra-
tions and Fe/Mn-ratio. Water depth of the sampling site corre-
lates well with K, Mg, Al and Fe. Surface area of the estuary
correlates most with Mn and Na. Catchment size and lake per-
centage are not significant factors affecting sediment geo-
chemical composition in this data set as indicated by the
short arrows in the RDA-plot.

TC and TN are highly negatively correlated to lithogenic
variables such as Al, Mg and K. Phosphorus fractions and
Zn are negatively correlated with Fe/Mn, which is expected,
since phosphorus, Zn and also Mn are more sensitive to re-
dox-reactions than the other indicators. Biogenic silica (BSi)
is also negatively correlated with phosphorus, but highly cor-
related with the Fe/Mn-ratio.

The samples from study sites are distributed in different
quarters of the RDA-diagram. Hellänlahti, Fasarbyviken and
Pieni Pernajanlahti are related to forests and agriculture and
Laajalahti to urban land-use types. Hellänlahti samples are lo-
cated closest to the nutrients (LOI, TN, TC, C/N) and Cu/Zn-
ratio. Laajalahti samples are located close to Cu, Ca, and
environmental variables such as urban sparse- and urban
dense-construction and industry. Pieni Pernajanlahti is domi-
nated by major elements and lithogenic variables such as

-1.0 +1.0
-1.0

+1.0

Al

Mg
K

CuZn

TC
TN

Mn

Bsi

Zn LOINa

Fe

FeMn

CN

Cu

TP

OP

Ha 0

Ha 86

PP 0

La 0

La 4

La 28

La 49
Pieni Pernajanlahti
Fasarbyviken
Laajalahti
Hellänlahti

La 32-88

La 30

Fa 0

La 29

La 31

La 1

Fa 72

La 20
Fa 49

Fa 13
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August mean temperature as the sole environmental covariable

(an RDA with forward selection showed that August explained

the greatest amount of variation of the 15 mutually correlated

variables) and each of the 14 other correlated variables as the

sole variable in turn. This showed that all the other variables

contributed significant additional explanatory power to the

analysis (Rühland & Smol, 2002). However, an examination of

the VIFs revealed that only four of the remaining climate

variables (May mean temperature, February mean tempera-

ture, annual precipitation and effective moisture) did not

display high multiple correlations. Hence, the other 11 climate

variables were discarded from further analysis.

Next, forward selection in RDA identified a minimal set of

three climate variables (May and February mean temperatures

and effective moisture), which each explained significant

(P £ 0.05) amounts of variation in the pollen data (Tables 1

and 2). The partial RDAs (Table 2) explicitly show the results

of the forward selection. The first two RDA axes constrained to

these three climate variables were both significant and

explained 66.0% of the cumulative variance in the pollen data

(Table 3). On the basis of the canonical coefficients of the

climate variables and approximate t-tests and by their intra-set

correlations with the axes (ter Braak, 1987b; ter Braak &

Šmilauer, 1998), RDA axis 1 is essentially a temperature

gradient, with a lesser contribution from effective moisture

(Table 1, Fig. 5b). RDA axis 2 is largely a moisture gradient,

with a lesser contribution from temperature. The t-values of

the canonical coefficients show that the variables are signifi-

cantly correlated with at least one significant ordination axis.

Table 1 Canonical coefficients, approximate t-test values and
intra-set correlations of the three climate variables for each of the
first two redundancy analysis (RDA) axes.

Climate

variable

Canonical

coefficients t-test values

Intra-set

correlations

Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2

May )0.64 )1.16 )6.50* )5.77* )0.94 )0.34

February )0.17 0.45 )1.84 2.37* )0.81 )0.37

Effective

moisture

0.39 )1.08 )7.84* )10.62* 0.68 )0.70

*Significant at P £ 0.05.

Table 2 Partial redundancy analysis (RDA) and RDA results
indicating the significance and independence of May and February
mean temperatures and effective moisture. The partial RDAs were
run with a single climate variable (each in its turn), with the other
two climate variables as covariables. The RDAs were run with a
single climate variable (each in its turn).

Climate variable

Partial RDAs RDAs

k1 k1/k2 P k1 k1/k2 P

May 0.06 0.35 0.001 0.54 2.13 0.001

February 0.01 0.05 0.015 0.40 1.05 0.001

Effective moisture 0.12 0.66 0.001 0.31 0.62 0.001

k1 and k2 are eigenvalues for axis 1 and 2, respectively; P values are

based on 999 unrestricted Monte Carlo permutations.

Figure 5 (a) Two-dimensional principal components analysis (PCA) ordination diagram of the 1870 climate data set of the 15 climate
variables. (b) Two-dimensional redundancy analysis (RDA) ordination diagram of the 1870 pollen and climate data sets showing species
(solid circles), climate variables (arrows) and centroids of the 12 biogeographical zones derived from clustering (hollow circles). Analysis
includes all 133 pre-Euro-American settlement samples from Minnesota, Iowa, Wisconsin and North and South Dakota. The length of
the climate arrows of the RDA ordination plot indicates the importance of that variable in explaining the pollen distributions, whereas the
direction of the arrows shows the approximate correlation to the ordination axes. Solid arrows represent forward-selected climate variables
and dashed lines represent climate variables that were plotted passively in the ordination. The axes are rotated to correspond to stan-
dard geographical convention (north top, south bottom) because the first axis is a temperature gradient which increases from north to south.
Also, with the rotation, the second axis (a moisture gradient) increases from left (west) to right (east) as it does geographically.
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Two-dimensional redundancy analysis 
(RDA) ordination diagram of the 1870 
pollen and climate data sets showing 
species (solid circles), climate variables 
(arrows) and centroids of the 12 
biogeographical zones derived from 
clustering (hollow circles). Analysis 
includes all 133 pre-Euro-American 
settlement samples from Minnesota, 
Iowa, Wisconsin and North and South 
Dakota. The length of the climate 
arrows of the RDA ordination plot 
indicates the importance of that variable 
in explaining the pollen distributions, 
whereas the direction of the arrows 
shows the approximate correlation to the 
ordination axes. Solid arrows represent 
forward-selected climate variables and 
dashed lines represent climate variables 
that were plotted passively in the 
ordination.ORIGINAL

ARTICLE

A pre-European settlement pollen–
climate calibration set for Minnesota,
USA: developing tools for palaeoclimatic
reconstructions
Jeannine-Marie St. Jacques*, Brian F. Cumming and John P. Smol

Paleoecological Environmental Assessment and

Research Lab (PEARL), Department of

Biology, Queen’s University, Kingston,

Ontario, K7L 3N6 Canada

*Correspondence: Jeannine-Marie St. Jacques,
Suite 150, 10 Research Drive, Prairie Adaptation
Research Collaborative (PARC), Regina, SK, S4S
7J7, Canada.
E-mail: jmcheval@sympatico.ca

ABSTRACT

Aim The bias in modern North American pollen assemblages by landscape
disturbance from Euro-American settlement has long been overlooked in the

construction of pollen–climate transfer functions. Our aim is to examine this

problem and to develop an unbiased pre-settlement pollen–climate transfer
function, and to test its performance and inference power in comparison with

commonly used techniques.

Location Minnesota, USA, is of palaeoclimatic interest because within the state

are located two continental-scale ecotones, controlled by temperature and

available moisture. Shifts of these ecotones can be tracked using palaeoecological
techniques.

Methods Using a data set of pre-settlement pollen assemblages from 133

lakes, which were coupled to climate data from the earliest instrumental

records (i.e. 1895–1924), a pre-settlement pollen–climate data set was
developed that lacked the influence of anthropogenic landscape disturbance.

A corresponding modern pollen data set (from lake sediment core tops) and a

modern climate (i.e. 1961–90) data set were also developed. The two pollen
sets were compared to demonstrate the effects of landscape disturbance from

human activities. Ordination (redundancy analysis with Monte Carlo

permutation tests) and regression techniques (generalized linear modelling)
were used to establish the relationships between the early instrumental climate

variables and pre-settlement pollen assemblages and individual taxa,

respectively. Transfer functions for the most suitable climate variables (i.e.
those forming a minimal set of non-collinear climate variables that explained

the greatest amount of pollen variance) were developed from the pre-

settlement data set using bootstrapping.

Results Comparison of pre-settlement pollen and modern pollen showed an
over-representation of Ambrosia, Chenopodiaceae and Poaceae, and an under-

representation of arboreal taxa (e.g. Pinus, Quercus, Ostrya) in the modern

assemblages. Not surprisingly, ordination and regression techniques showed a
strong relationship between the early instrumental climate variables and pre-

settlement pollen assemblages and taxa. Transfer functions were developed for

May and February mean temperature and available moisture. Pre-settlement
transfer functions substantially improved the root mean squared error by 37–72%

in comparison with modern transfer functions inferring pre-settlement

conditions, suggesting that the modern transfer functions have poorer
predictive abilities.

Main conclusions For climatic reconstructions, there can be a serious
distortion of inferences based solely on modern pollen–climate data sets in

regions where anthropogenic landscape disturbance has occurred. By using
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