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a  b  s  t  r  a  c  t

Habitats  in  the  Wadden  Sea, a world  heritage  area,  are  affected  by land  subsidence  resulting  from  natural
gas extraction  and  by sea  level  rise.  Here  we  describe  a  method  to monitor  changes  in habitat  types  by
producing  sequential  maps  based  on  point  information  followed  by mapping  using  a  multinomial  logit
regression  model  with  abiotic  variables  of which  maps  are  available  as  predictors.

In  a 70  ha  study  area  a total of  904 vegetation  samples  has  been  collected  in  seven sampling  rounds
with an  interval  of  2–3 years.  Half  of the  vegetation  plots  was permanent,  violating  the  assumption
of independent  data  in  multinomial  logistic  regression.  This  paper  shows  how  this  dependency  can  be
accounted  for  by adding  a  random  effect  to the  multinomial  logit (MLN)  model,  thus  becoming  a mixed
multinomial  logit (MMNL)  model.  In  principle  all regression  coefficients  can  be taken  as  random,  but
in  this  study  only  the  intercepts  are treated  as  location-specific  random  variables  (random  intercepts
model).  With  six  habitat  types  we  have  five  intercepts,  so  that the  number  of  extra  model  parameters
becomes  15,  5 variances  and  10  covariances.

The likelihood  ratio  test  showed  that  the  MMNL  model  fitted  significantly  better  than  the  MNL  model
with  the  same  fixed  effects.  McFadden-R2 for the  MMNL  model  was  0.467,  versus  0.395  for  the  MNL  model.
The  estimated  coefficients  of the  MMNL  and  MNL  model  were  comparable;  those  of  altitude,  the  most
important  predictor,  differed  most.  The  MMNL  model  accounts  for pseudo-replication  at  the  permanent
plots, which  explains  the  larger  standard  errors  of  the  MMNL  coefficients.  The  habitat  type  at a  given
location-year  combination  was  predicted  by  the  habitat  type  with  the  largest  predicted  probability.  The
series of maps  shows  local  trends  in  habitat  types  most  likely  driven  by  sea-level  rise,  soil  subsidence,
and  a restoration  project.

We  conclude  that in  environmental  modeling  of  categorical  variables  using  panel  data,  dependency
of  repeated  observations  at permanent  plots  should  be  accounted  for. This  will  affect  the  estimated
probabilities  of the  categories,  and  even  stronger  the  standard  errors  of  the  regression  coefficients.

©  2016  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

In the northern part of The Netherlands natural gas is extracted
at a depth of 3–4 km,  causing land subsidence up to 40 cm at surface
level. This land subsidence, together with sea level rise, may  lead to
changes in vegetation and habitats in the Wadden Sea, a UNESCO
world heritage area and a European protected habitat reserve con-
sisting of sand barrier islands, salt marshes and mudflats. To follow
these changes a monitoring network was installed on the coastal
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plain of the island of Ameland (The Netherlands). This network was
designed such that the data can be used both for estimation of the
spatial extent of habitat types and for mapping habitat types. (Note
that in this paper we use the term habitat type in the sense of EC
(2007); in practice, the habitat typology in coastal areas is a course
vegetation typology.) In a previous paper we  used these data to
estimate time trends in the areal fractions of local vegetation types
(Brus et al., 2014). The areal fractions at the sampling times were
estimated by design-based estimation, i.e. the estimates are based
on the inclusion densities of the sampling locations (Särndal et al.,
1992).

This paper deals with the second aim of the monitoring network,
the mapping of the habitat types. When there is a relation between
the habitat types and environmental variables of which maps are
available, such as terrain attributes derived from a digital elevation
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model, then a model describing this relation can be used to map  the
habitat types. The response variable of the model, the habitat types,
is a categorical variable, and therefore a multinomial logit model is
appropriate (Hosmer and Lemeshow, 1989). In this paper we show
how such a model was used to map  the habitat types at the seven
sampling times (2001, 2004, 2006, 2008, 2010, 2012 and 2014). A
complication is that half of the sampling locations is permanent.
So, at these permanent plots repeated observations were collected
which cannot be treated as independent data. A central research
question of this paper is how this temporal dependency in the data
collected at the permanent plots can be accounted for in fitting the
multinomial logit model.

The relation between the habitat types and environmental vari-
ables is described by a so-called mixed multinomial logit model.
Similar to a linear mixed model such model contains both fixed
and random effects. Mixed multinomial logit models are widely
used in econometrics to explain discrete choices made by individ-
uals, such as choices between transport modes or brands of some
product, see for instance Jain et al. (1994) and Revelt and Train
(1998). When individuals choose multiple times and all choices are
recorded, the data cannot be treated as independent. By substi-
tuting individuals by vegetation plots and the discrete choices by
habitat types, the analogue becomes clear. Mixed multinomial logit
models are not widely applied in ecological modeling, and publica-
tions on this topic are rare. An example of an ecological application
is Duchesne et al. (2010), in which the probability that an animal
selects a location in a specific habitat type is described by a mixed
multinomial logit model.

Because of the very few ecological papers on this topic we  will
explain the theory of mixed multinomial logit modeling. The case
study on the habitat data in the study area of Ameland describes
how the theory was implemented. We  will show that accounting
for the dependency of the data at the permanent plots leads to
somewhat different estimates of the regression coefficients and
larger standard errors of these coefficients. As a consequence,
also the predicted probabilities of the habitat types as obtained
with the mixed multinomial logit model differed from those
obtained with the multinomial logit model assuming independent
data.

2. Theory: the mixed multinomial logit model

Suppose we have no repeated observations at permanent plots,
just one observation per randomly selected plot. In this case the
occurrence of habitat types can be modelled by a multinomial logit
model (MNL). In such model the probability of occurrence of a
habitat is related to environmental covariates, such as altitude,
exposure et cetera.  All probabilities should be larger than zero, and
the sum of the probabilities over all habitat types should equal 1.
To achieve this, one habitat type is taken as a baseline category, and
the log of the ratio of the probability of a habitat j to the probability
of a baseline habitat, referred to as a multinomial logit, is modelled
as a linear combination of the environmental covariates (Hartzel
et al., 2001):

log
( pij

pi1

)
=

P∑
p=0

xipˇpj (1)

for j = 2 · · · J (J is total number of observed habitat types), with pij the
probability of habitat j at location i, xip the value of environmental
covariate (predictor) p at location i (with xi0 = 1 for the intercept),
and ˇpj the regression coefficient associated with predictor p for
habitat type j, and P the number of predictors. Note that the same
set of environmental covariates is used for all habitat types, but that
the regression coefficients differ between the habitat types. So, for
instance, altitude can have a strong positive effect on one habitat
type (if altitude increases with one unit, the probability of that habi-
tat type increases strongly), but only a weak or even negative effect
on another habitat type.

In the case study described hereafter at half of the locations we
have repeated observations of habitat types. These are the perma-
nent plots. In this case it is not realistic to assume that the repeated
observations at a given permanent plot are independent. If we  have
observed habitat type j at a location i at time 1, then the probability
of observing this habitat type again at subsequent times is relatively
high, because spatial patterns of habitat types are quite persistent.
To account for this dependency of the observations of the habitat
types at the permanent plots, we  relax the assumption that the
regression coefficients for a given habitat type are the same for all

Fig. 1. Study area.
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