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1 Introduction

1.1 Aim & purpose

Zonation is cutting edge software for spatial consenation prioritization and broad-scale
spatial consenation planning. It identifies areas or landscapes that are important for
retaining habitat quality and connectivity simultaneously for multiple biodiversity features
(e.g. species, land cower types, ecosystem senices, etc.), thus providing a quantitative
method for enhancing the persistence of biodiversity in the long term. Zonation can also
account for costs, thereby allowing cost effective allocation of resources. Zonation can be
used for traditional resere or site selection, but it offers many other analyses for
conservation prioritization. Typical analyses allowed by Zonation include:

e |dentification of near-optimal connected reserve networks

e Expansion of existing resene networks, effectively by simultaneous gap-analysis
and filling

e Evaluation of existing or proposed resene networks

e |dentification of ecologically low-value areas for economic use (impact awidance
and biodiversity offsetting)

e Prioritization which can be used for many purposes including targeting of
management, restoration or incentive funds

Zonation produces a hierarchical prioritization of the landscape that is balanced across
many factors, meaning in the lingo of spatial prioritization that it accounts for
complementarity. At the high lewel, the algorithm proceeds by iteratively removing the least
valuable cells from the landscape while minimizing marginal loss of consenation value and
accounting for connectivity needs and priorities given for biodiversity features. As a result, a
nested sequence of highly connected landscape structures is obtained with the core areas
of species distributions remaining last and previously removed areas shown as buffer zones.
In this way, landscapes can be zoned according to their potential for conservation, and
differing degrees of protection, maintenance, or restoration effort can be applied to different
zones.

The Zonation software is intended for the analysis of biological data with the aim of aiding
conservation decision making. In the broader sense, the output of Zonation should be seen
as an analysis of conservation priority which feeds into a broader land use planning
framework where political decisions are made. The purpose is not always to produce a
detailed conservation plan for a large region, but it could be to identify priority areas of the
landscape that could be subjected for more detailed analysis and planning together with
stakeholders. Note that Zonation can also be used to identify the areas of the landscape
where human activity would cause the least harm to biodiversity.

The Zonation software has been geared towards using large grids as input data, facilitating a
direct link between GIS, statistical distribution modeling, and Zonation. It is particularly
simple to input modeled species distributions, community turnover, or land cover types in
Zonation. The Zonation software can process relatively large datasets on an ordinary
desktop PC. Zonation v.4 is 64bit software and allows very large analyses on off-the-shelf

© 2004-2014 C-BIG Conservation Biology Informatics Group
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PCs that have large memory capacity.

1.2 The Zonation framework in a nutshell

Aim and purpose
¢ To provide a tool for broad-scale, high-resolution spatial conservation planning using
primarily GIS raster data

Analyses
¢ |dentification of optimal conservation areas
¢ |dentification of least useful conservation areas for impact awoidance or offsetting
e Balancing of biodiversity conservation with alternative (human) land uses (New since
3.0)
Replacement cost analysis for current or proposed reserves
Combined community-level and species-level prioritization (New since 3.0)
Planning modes that define alternative perceptions of consenvation value:
- Core-area Zonation
- Additive benefit function
Target-based benefit function
Versatile generalized benefit function
Random ranking

(Biodiversity) features useable in Zonation include

® Species

* Ecosystems and similar high-level ecological entities (habitat types, vegetation
classes, communities, etc.)

* Ecosystem senices

¢ Distributions of alleles

¢ Any other data that describes the distribution of a feature on a grid. Features can
represent other entities than elements of biodiversity.

Data
¢ Data types:
- Presence/absence data
- Probabilities of occurrence
- Abundance/density data
- Any other (non-negative) numbers that represent occurrence lewels of features
* Broad-scale grids with
- Uncertainty of occurrence data
- Mask layers specifying prior land uses, such as the present protected area
network
- Grids representing costs and opportunity costs
- Landscape condition (New since 3.0)
- Retention of biodiversity (New since 3.0)
¢ Point observation data
¢ Planning unit layers
¢ Administrative units (New since 3.0)

11
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e Community similarity or connectivity matrices (New since 3.0)

Analysis features
e Species priorities via weighting
¢ Methods for managing connectivity needs of species
- Distribution Smoothing (feature-specific)
- Boundary Quality Penalty (feature-specific)
- Boundary Length Penalty
- Directed Freshwater Connectivity (feature-specific)
- Interaction Connectivity (between two distributions of features)
- Matrix Connectivity (between multiple features; New since 3.0)
- Edge Effect Correction (New since 3.0)
- Corridor connectivity (New since 4.0)
Uncertainty analysis aiming at robust conservation decisions
Prioritization over multiple administrative regions (New since 3.0)
Automated post-processing analyses
Utilizing increased memory capacity for versatile analyses (New since 3.0, major
developments for 4.0)

1.3 Zonation compared to other reserve
selection approaches

In this section we comment on the differences between Zonation and other commonly used
approaches to resene selection. This comparison is not meant to be exhaustive nor
completely referenced, but rather to give an indication of the most fundamental differences
(that we believe exist) between these methods. This section will naturally become outdated
when new features are deweloped for Zonation and other consenation planning software
packages.

1.3.1 Zonation

Input data. Zonation is targeted for use with large grid-based data sets. This implies that
species distributions used within Zonation might be produced using some predictive
statistical technique using environmental layers as predictors for species presence/
abundance. Data sets in the order of tens or hundreds of millions of grid cells can be
analyzed. Obsenational data can, of course, be used as well.

Output. Instead of outputting the optimal set of sites for achieving targets Zonation produces
(1) the hierarchy of cell removal throughout the landscape and (2) feature-specific
representation loss cunes. This kind of output has multiple advantages, including:
i. Indication of the importance of all cells, both inside and outside any given top
fraction
ii. Curves show how well (relatively) individual species are represented at any given
fraction of the landscape
iii. Curves indicate the relative value of the solution as well as the stability of the
solution
iv. Easy and intuitive visualization

© 2004-2014 C-BIG Conservation Biology Informatics Group
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To elaborate on item (iii): If biodiversity feature representation lewvels are declining rapidly at
the chosen landscape fraction, it means that the solution is not stable with respect to
uncertainty in input data and small changes in the selected fraction and/or spatial pattern
might hawve large consequences for biodiversity. If the biodiversity feature performances are
stable at the chosen fraction, small changes in the fraction/spatial pattern are unlikely to
have any significant effect on the solution quality.

Optimality. The optimality characteristics of Zonation have not been conclusively examined,
but the present evaluation of this issue indicates that Zonation using additive benefit
functions or the targeting benefit function (above the target) is very close to globally optimal.
This is because the optimization problem is convex with these cell removal rules and can
thus be solved using a gradient-like iterative heuristic (van Teeffelen and Moilanen 2008).
Also, with the additive cell removal rules, the degree of sub-optimality goes down when the
landscape size (number of cells) increases. Thus optimality is not a problem with the
additive cell removal rules. The Zonation algorithm is deterministic, as opposed to
stochastic, implying that it finds the same result in different runs.

An exception is the use of the Boundary Quality Penalty (BQP), which renders the problem
non-convex (especially if some species benefit from fragmentation), and the degree of sub-
optimality of the solution is unknown.

The core-area Zonation (CAZ) method has so far only been defined algorithmically, but not in
an objective function form. The CAZ cell removal rule specifies a difference equation for
conservation value but not the objective directly, and the degree of sub-optimality of results
is unknown. Howewer, no other implementation of this method is available.

Limitations. Zonation is primarily intended for binary select or not, protect or not, and restore
or not problems. Unlike MARXAN with Zones, Zonation is directly not meant for the direct
targeting of multiple alternative conservation actions.

1.3.2 Integer programming

Input data. Integer programming (IP) can accept arbitrary sites as well as grid cells as
data. According to Williams et al. (2004), the data size limits of integer programming (IP) in
2004 were around 10 000 landscape elements, which corresponds to a grid size of about
100x100 elements. While larger data sets can now be processed using IP, Zonation v.4 can
process grids of approximately >200 million elements, which is still likely to be too large for
IP. Additionally, some Zonation problem variants are nonlinear (BQP; NQP), and such
analyses cannot be approached using IP at all.

Output. Integer programming produces a globally optimal set of sites achieving targets.
There is no prioritization through the landscape and no performance curves are produced.

Optimality. Integer programming guarantees a globally optimal solution to a simplified
problem. The value of the global optimality of results is compromised by the requirement
that both the objective function and constraints need to be linear (or that they can be
linearized). In a sense you have the optimal solution to the wrong (simplified) problem.
Integer programming is not applicable, at least not easily, to species-specific connectivity
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calculations on large landscapes (see also Moilanen 2008).
Literature

Moilanen, A. 2008. Two paths to a suboptimal solution - once more about optimality in
resene selection. Biological Conservation, 141: 1919-1923.

Williams, J., C.S. ReVelle, and Levin, S.A. 2004. Using mathematical optimization models
to design nature reserves. Frontiers in Ecology and the Environment, 2: 98-105.

1.3.3 Stochastic global search

Stochastic global search includes techniques such as simulated annealing (SA; as in
MARXAN) and genetic algorithms (GA).

Input data. In principle, stochastic global search can be run on extremely large problems
with few constraints on the complexity of the problem. SA can handle larger problems than
a GA because of the memory requirement for storing the GA population.

Output. A solution of typically unknown quality. In some cases it may be possible to devise
an analytical method that provides bounds on solution quality (as in Moilanen 2005), which
then changes the method from heuristic to approximation. (Heuristic: a method for which the
quality of results is unknown; Approximation: a method for which the maximum degree of
sub-optimality of the results has been quantified in a non-trivial manner.)

Optimality. The degree of sub-optimality will be highly dependent on (1) the size of the
data, (2) the complexity of the problem (for example, the presence of nonlinear connectivity
components), and (3) the details of the implementation of the optimization algorithm. SA
and GA are not standard algorithms (except for the high-level meta-algorithm). They can be
varied in numerous ways, particularly, in terms of how they generate the new solutions to
evaluate. If the search starts far from the good regions of the search space, it actually is not
guaranteed that the good regions are found at all. Good convergence with large problems is
absolutely not guaranteed. Multiple runs from different starting points are required to test for
indications of conwvergence, and if multiple runs reliably converge to a very similar result,
then this indeed is an indication that the solution is likely quite acceptable in terms of
optimality. The performance of these methods is probably rather good with data sets with
thousands or tens of thousands of sites, but at the million-element scale the performance of
these methods is poorly known. Relative performance probably degrades when problem size
increases, which is opposite from what is actually expected for Zonation, at least with the
additive cell removal rules.

Optimization is a large field of science, and there is a lot of literature about this topic. See
the references below for examples of the use of stochastic optimization on nonlinear reserve
selection problems. Also check the MARXAN resene selection software user manual and
references therein.

© 2004-2014 C-BIG Conservation Biology Informatics Group
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Moilanen, A. 2005. Resene selection using nonlinear species distribution models. American
Naturalist, 165: 695-706. AND in particular its electronic appendixes A-C.

Moilanen, A. and M. Cabeza. 2002. Single-species dynamic site selection. Ecological
Applications, 12: 913-926.

Moilanen, A. and . Ball. 2009. Heuristic and approximate optimization methods for spatial
consenvation prioritization. Pp. 58-69 in Moilanen, Wilson and Possingham (Eds.),
Spatial Conservation Prioritization, Oxford University Press.

1.4 Atypical Zonation work flow

There are two parts to the Zonation work flow. First, the aims of the analysis need to be
specified and the data needed to answer the aims must be obtained. Second, a Zonation
analysis that corresponds to the stated aims must be designed and executed. Here we
present a short discussion about specifying aims and data, followed by a more detailed
instruction of executing a Zonation analysis.

141 Specification of aims, ecological model and data

The open online publication Lehtomé&ki and Moilanern (2013) provides a summary of
executing a Zonation project. Zonation could also be applied inside the broader operational
model of systematic conservation planning (see Margules and Sarkar, 2007; Pressey and
Botrill 2009).

The aims of any analysis should be clearly stated before beginning computational spatial
conservation prioritization. Only after the aims are specified, data and a Zonation analysis
that supports the purpose can be deweloped. Specifying the aims and developing the data
sounds simple, and at the conceptual level it may indeed be. In reality, specification of aims
and obtaining relevant data can be 90% of the work, with the computational analysis itself
taking only 10% of the effort. The following steps may be relevant to help with this stage.

1. Determine the broad aims of the project. Is the question about the design of a new
resene network, about the expansion of an existing network, or about identification of
areas where economic activity would harm biodiversity first? What is the target of
analysis; what species, habitats, or ecosystem senices will be included in the analysis?
Should costs be accounted for?

2. Develop what we call 'the ecological model'. What ecological information describes
biodiversity and conservation value in a manner that is relevant for the planning need?
What data is available to answer the planning question? What species distribution
information is available? What habitat and ecosystem distribution data is available? Is
there information about habitat condition? What, if anything, is known about present and
future human impacts and threats? What are the costs and opportunity costs incurred by
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stakeholders? Also consider how features will be weighted and what connectivity
responses will be used. Such questions are relevant when the ecological model is
deweloped.

3. Develop data to answer the needs of the ecological model. Obtain relevant data
layers and format them so that they work in a Zonation analysis.

Note that dewelopment of the aims, ecological model, and data is best done among a
planning group consisting of knowledgeable experts representing different stakeholders. It is
rare that one party alone has all the knowledge and data relevant for analysis, and multiple
parties often need to participate in the planning.

Conceptually, the development of the aims, ecological model, and data are separate steps,
but in practice these stages are intertwined and need to be developed together. Perfect data
will never be available. Therefore, the planning process is more about identifying data that
answers the broad aims of the study as well as possible rather than answering a conceptual
goal with a perfect ecological model and data. Consequently, analysis aims and the details
of the ecological model may need to be modified according to what data becomes available.
The amount of effort and workforce available for data collation can also influence what kind of
analysis can be implemented.

Limited data results in an analysis with limited value. The better the ecological model and
data, the more weight should be given to the Zonation analysis in ultimate decision making.
As an easy example, say that a resene network is desired that protects all biodiversity of
the region. Then assume that excellent data is available for birds, butterflies, mammals, and
vascular plants. The analysis is fully relevant for these feature groups only. Coverage for all
other major taxa, such as insects, reptiles, lichens, etc. would need to be accounted for via
expert knowledge. Note that surrogacy relationships could be relevant here, but,
unfortunately, the general findings in scientific literature suggest that surrogacy relationships
are unreliable between most pairs of taxa. For example, one could not automatically
assume that birds would act as a reliable surrogate for plants.

Literature

Lehtomaki, J. and A. Moilanen. 2013. Methods and workflow for spatial conservation
prioritization using Zonation. Environmental Modelling & Software, 47: 128-137.

Margules, C. R. & Sarkar, S. 2007. Systematic Conservation Planning. First Edition.
Cambridge University Press, Cambridge.

Pressey, R. L. & Bottrill, M. C. 2009. Approaches to landscape- and seascapescale
conservation planning: convergence, contrasts and challenges. Oryx, 43, 464-475.

1.4.2 Getting a Zonation analysis running

This section outlines a typical sequence of steps that would be done for the Zonation
analysis of one data set. Section 5 of this manual includes information relevant for common
planning setups.

© 2004-2014 C-BIG Conservation Biology Informatics Group
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(i) Get the simple analyses running
1. Install Zonation. Make sure the program is working with the example files provided.

2. Decide the concept of conservation value, implemented \ia the cell removal rule.

3. Produce a new settings file, biodiversity feature list file, etc. for the data and check that
the basic analysis (without aggregation methods or uncertainty analysis) runs.

4. Try variants of the basic analysis by adding unequal biodiversity feature weights,
aggregation methods, uncertainty analysis, and some other potentially relevant analysis
features. Solution comparison can be used to check the difference that the addition of

each

new feature can cause in the solution. These preliminary analyses can be run using

high warp factors (100-1000) to reduce run times.

(ii) ldentify a realistic base-analysis. Zonation v.4 provides a large number of options
about which considerations to include in an analysis. All of them have some specific data
requirements, and applying them all is hardly a meaningful thing to do. The choice of
analysis features will depend on the specific planning context, objectives, and data
availability. Further, there are endless options of how to weight species or other biodiversity
features, which aggregation method to use with what exact parameter values, and defining
parameter values for other analysis features. It is not possible to run all combinations of
everything and it is not useful to do so. Therefore, after getting the basic Zonation running,
decide the most reasonable options for the analysis. Things that need to be decided

include:

Determine the most appropriate analysis setup to match the aims. Analysis setups
for different planning problems are outlined in section 5.

Determine what would be the best combination of analysis components. Should
cost, uncertainty, interactions, landscape condition and retention, alternative land
uses, landscape dynamics, etc. be considered?

Decide how to account for the connectivity needs of biodiversity features (species)
in the analysis. In general, aggregation should be included, especially if the raster
cell sizes are small, such as a few hectares. This is because population dynamics
of nearby cells are strongly linked with small selection units. If cell sizes are very
large (e.g., 10x10 km cells) then aggregation could plausibly be omitted under the
assumption that a cell is big enough to include viable populations.

Determine weights for species or other biodiversity features. Equal weights is the
default option but there may be good reason to favor particular features by giving
them more weight. See Lehtomaki and Moilanen (2013) about the setting of weights
in Zonation.

(iii) Sensitivity analysis around the base analysis. At this point the most appropriate
analysis options have been identified. The next steps are:

1. Run the base-analysis, preferably using a relatively low warp factor.
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2. Run variants around the base-analysis varying a single analysis feature at a time (it is
probably not possible to run all combinations of everything). This is essentially a
sensitivity analysis, which is done by varying weights, aggregation, and uncertainty
analysis settings within reasonable bounds. An advisable strategy for complex
analysis setups is to start from a simple setup and adding one new component at a
time, continually checking the impact of that component. The addition of each data
component and major analysis feature should result in a change that makes sense. If
the change does not make sense, or no change at all is obsened, it is possible that
there is some error in the data or that the analysis feature has not been correctly
switched on. For example, switching connectivity on should result in observable
aggregation of priorities in the rank map. Use solution comparison to see how big a
difference various options make.

3. An analysis of selection frequency may provide useful summary information over
analyses. Selection frequency analysis can be done using the merged map feature of
the Zonation v.4 GUI.

At this point it should be clear how different planning options influence the analysis and
solutions.

(iv) Interpretation and post-processing of output. Identify priority areas for conservation
(or the least important areas) from the solution. From this, management landscapes can be
identified and their statistics can be checked to find out why different areas are important.
What are the biodiversity features that occur there?

1.5 Software installation and quick start
Installation

The installation packages for windows include:
¢ The Zonation program (zig4.exe)
e The user interface (zig4gui.exe)
¢ The zig4load.exe and zig4run.exe utilities
e A user manual (.pdf) and tutorial files, also in html format browsable from the
graphical interface.

The GNU/Linux packages include the same binaries. Zonation.compressed packages with
these executable files and/or installer packages for 32 and 64 bits windows systems can be
downloaded from the C-BIG website (cbig.it.helsinki.fi). (Note that with subsequent Zonation
version the names of executables may become updated.)

Quick start
The following instructions serve as a guide to run the basic Zonation for those who have

already familiarized themselves, at least to some extent, with the program. For more
detailed instructions and additional analyses please see sections 3.2. Running Zonation,
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3.3. Input files & settings, 3.5. Post-processing analyses & options, 4. Zonation Graphical
User Interface, and 5. Analysis setups for common planning needs.

1. To run the program at least the following input files are needed:

e Biodiversity feature map files. These basic raster files (e.g., .asc or .img or .tif)
are exported from GIS programs. These files define biodiversity feature (e.g.,
species, habitats, communities, ecosystems, etc.) distributions in the
landscape. The program can incorporate any kind of species distribution data,
such as presence-absence, probabilistic or abundance data, or species-specific
population connectivity surfaces, etc., as long as data for all species is in the
same format. It can also include files describing the suitability of the landscape
for alternative uses. Zonation can also use point distribution data.

¢ Biodiversity feature list file (.spp). The names of all the biodiversity feature files
must be listed in a separate file with each feature on a separate row with the
feature-specific parameters before the file nhame (see section 3.3.2.2 for more
detailed descriptions). The biodiversity feature list file tells the program which
distribution files will be used in the analysis.

¢ Run settings file (.dat). Defines the settings in the analysis.

¢ A batch file (.bat). Contains the command line call to Zonation.

Please use decimal points, NOT commas, in all input files! Zonation has originally been
developed under environments that assume the use of decimal dots. To awoid surprises,
it may be helpful to change the computer settings to a country which assumes decimal
dots. The project maker facility of the GUI can help in setting up a simple zonation run.

2. Select the suitable cell removal rule in the run settings file. This rule specifies how
consenation value is aggregated across features and space. (A simple ABF, rule #2,
is often a good starting point.)

3. Type the following command line to notepad:
call zig4 -r settingsfile.dat specieslistfile.spp
outputfile.txt 0.0 0 1.0 O
and sawe the file in .bat format in the same directory as all the other files. In this
command line, give the names of the settings file and species list file and define a
suitable name for the output files. See section 3.2.1 for explanations of the four
numbers in the call. The extension of this file may need to be manually changed to
.bat (instead of .txt) in the file manager.

| simple_zonation_run.bat - Notepad EI@
File Edit Format View Help
lcall zig4 -r settings.dat features_list.spp out/outputl.txt 0.0 0 1.0 O
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4. Open the Zonation GUI (zig4gui.exe). Right-click on the Project View and use the
dialogue window for selecting the correct batch file. Initialize the Zonation run by
right-clicking the .bat file name in the Project View and selecting Queue.

5. Monitor the run by double-clicking the run in the GUI Process View. An output map
showing the progress of cell ranking will be drawn in the Map of the visual output.
Representation cunves are drawn in the Runtime plot of the visual output. A memo of
the run is written in the Text section of the visual output. See section 4.3 for a more
detailed description of visual outputs.

See section 3.4 for a detailed description of the output files that Zonation produces. In
summary, it automatically produces at least eight output files with all analysis variants:

e .jpg and .emf maps of the landscape ranking showing the priority rank order with
different colors. See section 4.3.1 for a detailed interpretation of the colors.

e A .cunes.txt text file containing a list of species and relative weights used in the
analysis. This file also includes columns of data reporting how the proportion of
distribution remaining for each species dewelops through the landscape ranking.

e A .rank.asc raster file representing the order of cell removal (the priority ranking). This
file can be used to produce map images in GIS software.

e A .prop.asc raster file contains additional information related to the priority ranking.

e A .wrscr.asc raster file. This file contains a weighted range size corrected measure (=
weighted range size rarity) of conservation value for each cell that can be used as a
scoring measure of value for cells. Another name for this measure is weighted range
size rarity map.

e A .txt file. This file is written during the run. It keeps track of the files, settings, and
analyses used during the run and is useful for tracing errors and checking that
ewverything happened as it was supposed to. Note that some error messages or
warnings may appear here.

e A .run_info.txt text file keeping track of input files, analyses, and settings used. This file
will be created after the program has been closed.

Depending on analysis variant, there may be additional output files.

1.6 New features

This section lists the new features and small additions that are included in Zonation v. 4 and
v. 3.1 that are not available in earlier versions.

Added to v. 3.1since v. 2
(1) New analytical features

e Alternative land-uses. Allows consideration of multiple land uses to alleviate
conflicting interests. The raster layers are input as biodiversity feature files and
assigned negative weights (sections 2.9 and 5.3.4).

e Community level analysis. Focuses on community composition. Owverlap in species
composition is accounted for by similarity expansion (sections 2.8 and 5.3.1).

* Landscape condition and retention. An important part of the community level
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analysis (sections 2.10 and 5.3.5).
Administrative units. Allows planning over multiple administrative regions that have

different priorities (sections 2.12 and 5.3.8).

Matrix connectivity. Allows connectivity between multiple partially similar habitat
types. Decreased matrix connectivity of cells on the edges of the planning region is
corrected with the edge correction operation (sections 2.4.5 and 5.1.6).

Removal mask layer. Has a new format and improved function. Multiple lewels of
prioritization hierarchy are now possible (section 3.3.3.9).

Analysis area mask. Allows selection of a subset of cells within the planning region to
be included in the analysis. In other words, unwanted external areas can be cut away
from the analysis without modifying all input files (section 3.3.3.10).

Automated post-processing analyses. Identifies management landscapes and
compares two solutions in terms of owverlap of the best or worst areas of the landscape

(section 3.5.1).

(2) New software features

Added to v. 3.1 since v. 3.0

New interactive plotting window. It is now possible to interactively generate
combined plots of the following general results: curves for species, administrative units,
groups of species, and groups within administrative units (see section 4.4). This
interface also allows for visualizing histograms of occurrence lewels of species for a
given top fraction, as well as plots of distribution vs. representation lewvels (for groups).
New merged map window. Can be used for visualizing combinations of input and
output maps (see section 4.3.4).

New output files. Contain information about administrative unit specific results
(ADMU.XX.curves.txt), as well as per group results within administrative units
(ADMU.XX.grp_curves.txt). The format of the general curves file (.cunes.txt) has been
slightly modified as well, as described in section 3.4.3.

Main additionsto v. 4 since v. 3.1

Much more efficient memory processing, allowing analyses orders of magnitude bigger
than before. This comes also with comparable speed optimizations.

New method to build corridors.

Possibility to use arbitrary kernels in all connectivity methods.

Additional plots and features in the interactive plots window of the GUI.

New output files for transformed layers from 7 different methods.

It is now possible to create Zonation setups from scratch through a graphical interface.

Outlook for the next version

Zonation 4 includes major improvements from Zonation 3, in terms of computational
capacity, features, bug fixes, and useability of the GUI. At this time no guidance is given as
to the expectation about the timing of the next major release of Zonation.
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2 Methods & algorithms

2.1 References
Two recent useful, open online references

Moilanen, A., B.J. Anderson, F. Eigenbrod, A. Heinemeyer, D. B. Roy, S. Gillings, P. R.
Armsworth, K. J. Gaston, and C.D. Thomas. 2011a. Balancing alternative land uses
in conservation prioritization. Ecological Applications, 21: 1419-1426.

Workflow for spatial conservation prioritization with Zonation
Lehtoméaki, J. and A. Moilanen. 2013. Methods and workflow for spatial conservation
prioritization using Zonation. Environmental Modelling & Software, 47: 128-137.

The original Zonation methods studies

Moilanen, A., Franco, A. M. A., Early, R., Fox, R., Wintle, B., and C. D. Thomas. 2005.
Prioritising multiple-use landscapes for conservation: methods for large multi-
species planning problems. Proceedings of the Royal Society of London, Series B,
Biological Sciences, 272: 1885-1891.

Moilanen, A. 2007. Landscape zonation, benefit functions and target-based planning:
Unifying reserve selection strategies. Biological Conservation, 134: 571-579.

Important methodological studies (excluding connectivity)

Why Zonation produces higher return on conservation investment than target-based
planning
Laitila, J. and A. Moilanen. 2012. Use of many low-level conservation targets reduces high-
level consenvation performance. Ecological Modelling, 247: 40-47.

Planning for impact avoidance and/or biodiversity offsetting
Moilanen, A. 2013. Planning impact awidance and biodiversity offsetting using software for
spatial consenvation prioritization. Wildlife Research, 40: 153-162.

Kareksela, S., Moilanen, A., Tuominen, S. and J.S. Kotiaho. 2013. Use of Inverse spatial
consenvation prioritization to awid biodiversity loss outside protected areas.
Conservation Biology, 27: 1294-1303.

Balancing local and global representation over multiple administrative regions

Moilanen, A. and A. Arponen. 2011. Administrative regions in conservation: Balancing local
priorities with regional to global preferences in spatial planning. Biological
Conservation, 144: 1719-1725.
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Balancing representation and landscape retention in community-level conservation

prioritization

Moilanen, A., Leathwick, J.R. and J.M. Quinn. 2011. Spatial prioritization of conservation
management. Conservation Letters, 4: 383-393.

Accounting for distributional uncertainty in Zonation, the distribution discounting

method

Moilanen, A., B. A. Wintle, J. Elith and M. Burgman. 2006. Uncertainty analysis for
regional-scale resenve selection. Conservation Biology, 20: 1688-1697.

Reviewing and explaing the concepts of spatial prioritization (open online; not

Zonation-specific)

Kukkala, A. and A. Moilanen. 2013. Core concepts of spatial prioritisation in systematic
conservation planning. Biological Reviews, 88: 443-464.

Connectivity

BQP: One feature-specific method for generating reserve network aggregation

Moilanen, A., and B. A. Wintle. 2007. The boundary-quality penalty: a quantitative method
for approximating species responses to fragmentation in reserve selection.
Conservation Biology, 21: 355-364.

An extension of the BQP method to freshwater systems with different connectivity
requirements upstream and downstream
Moilanen, A., Leathwick, J. and J. Elith. 2008. A method for freshwater conservation
prioritization. Freshwater Biology, 53: 577-592.

Interaction connectivity; a single-species conservation prioritization study with

multiple connectivity considerations

Rayfield, B., Moilanen, A. and M.-J. Fortin. 2009. Incorporating consumer-resource spatial
interactions in reserve design. Ecological Modelling, 220: 725-733.

Connectivity between habitat types (matrix connectivity) applied in expanding

current protected area network

Lehtomaki, J., Tomppo, E., Kuokkanen, P. Hanski, I., and A. Moilanen. 2009. Planning of
forest conservation areas using high-resolution GIS data and software for spatial
conservation prioritization. Forest Ecology and Management, 258: 2439-2449.

Edge adjustment for matrix connectivity

Arponen, A., Lehtomaki, J., Leppanen, J., Tomppo, E. and A. Moilanen. 2012. Effects of
connectivity and spatial resolution of analyses on conservation prioritization across
large extents. Conservation Biology, 26 (2): 294-304.

Corridor connectivity
Pouzols, F.M. and A. Moilanen. 2014. A method for building corridors in spatial consenvation
prioritization. Landscape Ecology, 49: 789-801. doi: 10.1007/s10980-014-0031-1.
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Distribution smoothing, info-gap uncertainty analysis
Moilanen, A. and B. A. Wintle. 2006. Uncertainty analysis favours selection of spatially
aggregated reserve structures. Biological Conservation, 129: 427-434.

Distribution smoothing and analysis of surrogacy power

Franco, A.M.A., Anderson, B., Roy, D.B., Gillings, S., Fox,R., Moilanen, A., and C.D.
Thomas. 2009. Surrogacy and persistence in resene selection: landscape
prioritisation for multiple taxa in Britain. Journal of Applied Ecology, 46: 82-91.

Other general methods

Community-level conservation prioritization [conceptual, not Zonation-specific]
Arponen, A., Moilanen, A., and S. Ferrier. 2008. A successful community-level strategy for
conservation prioritization. Journal of Applied Ecology, 45: 1436-1445.

Community-level conservation prioritization and directed connectivity

Leathwick, J.R., A. Moilanen, S. Ferrier and K. Julian. 2010. Complementarity-based
conservation prioritization using a community classification, and its application to
riverine ecosystems. Biological Conservation, 143: 984-991.

The benefit function approach to reserve selection [general, not Zonation-specific]

Arponen, A., Heikkinen, R., Thomas, C.D. and A. Moilanen. 2005. The value of biodiversity
in reserve selection: representation, species weighting and benefit functions.
Conservation Biology, 19: 2009-2014.

Basics of the information-gap decision theory for reserve selection uncertainty

analysis

Moilanen, A., Runge, M. C., Elith, J., Tyre, A., Carmel, Y., Fegraus, E., Wintle, B.,
Burgman, M. and Y. Ben-Haim. 2006. Planning for robust reserve networks using
uncertainty analysis. Ecological Modelling, 199 (1): 115-124.

Replacement cost analysis

Cabeza, M. and A. Moilanen. 2006. Replacement cost: a useful measure of site value for
consenvation planning. Biological Conservation, 132: 336-342. [conceptual, not Z-
specific]

A replacement cost analysis and consideration of cross-taxon surrogacy in

conservation planning

Kremen, C., A. Cameron, A. Moilanen, S. Phillips, C. D. Thomas, H. Beentje, J. Dransfeld,
B. L. Fisher, F. Glaw, T. Good, G. Harper, R.J. Hijmans, D. C. Lees, E. Louis Jr.,
R. A. Nussbaum, A. Razafimpahanana, C. Raxworthy, G. Schatz, M. Vences, D.
R.Vieites, P. C. Wright and M. L. Zhra. 2008. Aligning conservation priorities
across taxa in Madagascar, a biodiversity hotspot, with high-resolution planning
tools. Science, 320: 222-226.
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A replacement cost analysis with several levels of financial cost constraints applied

to marine protected areas

Leathwick, J. R., Moilanen, A., Francis, M., Elith, J., Taylor, P. Julian, K. and T. Hastie.
2008. Nowvel methods for the design and evaluation of marine protected areas in
offshore waters. Conservation Letters, 1: 91-102.

Different applications with a specific characteristic

Habitat restoration and landscape dynamics

Thomson, J.R., Moilanen, A., McNally, R., and P. Vesk. 2009. Where and when to
revegetate: A quantitative method for scheduling landscape reconstruction.
Ecological Applications, 19: 817-828.

Planning for climate change

Carroll, C., Moilanen, A., and J. Dunk. 2010. Optimizing resiliency of reserve networks to
climate change: multispecies conservation planning in the Pacific Northwest, USA.
Global Change Biology, 16: 891-904.

Kujala, H, Moilanen, A., Aradjo, M.B., and M. Cabeza. 2013. Consenation planning with
uncertain climate change projections. PLoS One, 8: e53315, doi:10.1371/
journal.pone.0053315.

Identifying least suitable areas for conservation to expand urban areas

Gordon, A., Simondson, D., White, M., Moilanen, A., and Bekessy, S.A. 2009. Integrating
conservation planning and land-use planning in urban landscapes. Landscape and
Urban Planning, 91: 183-194.

Balancing local and global representation over multiple administrative regions

Moilanen, A. Anderson, B.J., Arponen, A., Pouzols, F.M., Thomas, C.D. 2012. Edge
artefacts and lost performance in national versus continental conservation priority
area. Diversity and Distributions, 19: 171-183.

Balancing biodiversity and carbon

Thomas, C.D., Anderson, B.J., Moilanen, A., Eigenbrod, F., Heinemeyer, A., Quaife T.,
Roy, D.B., Gillings, S., Armsworth, P.R., and K. J. Gaston. 2013. Reconciling
biodiversity and carbon conservation. Ecology Letters, 16-S1: 39-47.

Prioritization inside a national Natura 2000 network

Mikkonen, N. and A. Moilanen. 2013. Identification of top priority areas and management
landscapes from a national Natura 2000 network. Environmental Science & Policy,
27: 11-20.

Planning in the urban environment

Bekessy, S.A., White, M., Gordon, A., Moilanen, A., Mccarthy, M.A.,and B.A. Wintle.
2012. Transparent planning for biodiversity and dewvelopment in the urban fringed.
Landscape and Urban Planning, 108: 140-149.
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One more single-species application with muliple connectivity components

Sirkid, S., Lehtomaki, J., Lindén,H., Tomppo, E. and A Moilanen. 2012. Spatial conservation
prioritization of capercaillie (Tetrao urogallus) lekking landscapes in South-Central
Finland. Wildlife Biology, 18: 337-353.

Rare example using extensive genetic data

Taberlet, P., Gugerli, F., Zimmermann, N.E., Englisch, T., Tribsch, A., Holderegger, R.,
Alvarez, N., Niklfeld, H., Mirek, Z., Moilanen, A., et al. (54 authors). 2012. Genetic
diversity in widespread species is not congruent with species richness in alpine
plant communities. Ecology Letters, 15: 1439-1448.

Case-study that uses many different types of data

Sharafi, S.M. , A. Moilanen, White, M., and M.A. Burgman. 2012. Integrating environmental
gap analysis with spatial consenvation prioritization: A case study from Victoria,
Australia. Journal of Environmental Management, 112: 240-251.

Case study showing how Zonation works better than target-base planning

Di Minin, E. and A. Moilanen. 2012. Empirical evidence for reduced protection lewvels across
biodiversity features from target-based conseration planning. Biological
Conservation, 153: 187-191.

National prioritization study that used larger data than had even been used at the
time

Kremen, C., A. Cameron, A. Moilanen, S. Phillips, C. D. Thomas, H. Beentje, J. Dransfeld,
B. L. Fisher, F. Glaw, T. Good, G. Harper, R.J. Hijmans, D. C. Lees, E. Louis Jr.,
R. A. Nussbaum, C. Raxworthy, A. Razafimpahanana, G. Schatz, M. Vences, D.
R. Vieites, P. C. Wright , M. L.Zjhra. 2008. Aligning conservation priorities across
taxa in Madagascar, a biodiversity hotspot, with high-resolution planning tools.
Science, 320: 222-226.

Nice marine planning example

Leathwick, J. R., Moilanen, A., Francis, M., Elith, J., Taylor, P. Julian, K. and T. Hastie.
2008. Nowvel methods for the design and evaluation of marine protected areas in
offshore waters. Conservation Letters, 1: 91-102.

Z-relevant Book Chapters

Moilanen, A. and |. Ball. 2009. Heuristic and approximate optimization methods for spatial
conservation prioritization. Pp. 58-69 in Moilanen, Wilson and Possingham (Eds.),
Spatial Conservation Prioritization, Oxford University Press.

Moilanen, A., Kujala, H. and J. Leathwick. 2009. The Zonation framework and software for
consenvation prioritization. Pp. 196-210 in Moilanen, Wilson and Possingham
(Eds.), Spatial Conservation Prioritization, Oxford University Press.
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The manuals

This wersion: Moilanen, A. Montesino Pouzols, F., Meller, L., Veach, V., Arponen, A.,
Leppéanen, J., Kujala, H. 2014. Zonation spatial conservation planning methods and
software v.4, User manual, 288 pp. chig.it.helsinki.fi/software/zonation

Moilanen, A., Meller, L., Leppanen, J., Montesino Pouzols, F., Arponen, A. & H. Kujala.
2012. Zonation spatial consenvation planning framework and software v. 3.1, User

manual, 287 pp. chig.it.helsinki.fi/software/zonation

Moilanen, A. and H. 