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Conclusions

Species Diversity-Disturbance Relationships

The two quantitative studies of diversity—disturbance relationships were under-
taken to clear up theoretical weaknesses and empirical ambiguities in the disturbance liter-
ature, and to determine what effects disturbance should be expected to have on species
diversity. Contrary to general belief, species diversity is rarely observed to be greatest at
an intermediate level of disturbance. Neither quantitative models of community dynamics
in the face of disturbance nor a meta-analysis of published species diversity—disturbance
relationships indicate that disturbance should be expected to have a consistently strong
effect on diversity, although strong relationships are detected in some cases. Although I
have identified some circumstances under which peaked and/or strong diversity—distur-
bance relationships may be observed, my work suggests that basic predictions of the Inter-
mediate Disturbance Hypothesis and other qualitative models are not typically supported
by either quantitative models or published species diversity—disturbance relationships. My
modeling study and the meta-analysis suggest that the observed shape and strength of a
species diversity—disturbance relationship are influenced by how thoroughly the commu-
nity and the disturbance gradient are sampled. Thorough sampling is less likely to yield
strong or peaked relationships, compared with studies applying less thorough sampling.
This suggests that sampling artifacts may often be a strong element in observed species
richness—disturbance relationships.

A major limitation of the IDH is that it is hard to falsify because it makes only

qualitative predictions about changes in species diversity in response to disturbance
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(Juhdsz-Nagy 1993). Because the IDH postulates a peaked relationship between species
diversity and disturbance, virtually any shape of relationship (unimodal, positive mono-
tonic, negative monotonic, and even non-significant) could be observed along a limited
range of disturbance intensity or frequency. This may in turn be a limitation of the meta-
analysis performed in Chapter 2. Because of this, it is not always possible to absolutely
refute that monotonic or non-significant relationships observed in some of the primary
studies may have resulted from examinations of relatively small sections of unimodal rela-
tionships. In some cases, it is possible that positive or negative monotonic relationships
arose from sampling only the lower or higher part of the disturbance gradient, respec-
tively. It can be difficult to determine a priori the range of disturbance that should be
examined in order to detect the true nature of the relationship. However, when negative
monotonic relationships are detected in studies that include a treatment of disturbance =0,
then one can confidently conclude that the relationship is indeed negative monotonic.
When non-significant relationships are observed in studies that examine wide ranges of
disturbance levels and sample many locations along the gradient, then one could confi-
dently conclude that the relationship is truly non-significant.

Because it was not possible for me to determine the breadth of the examined dis-
turbance gradient relative to the absolute for each primary study, I could not test the effect
of this on the shape and strength of observed species diversity—disturbance relationships.
It is possible that in some situations, only small fractions of the disturbance gradient were
examined, and the observed relationships may, therefore, not depict the true nature of the
relationship. Although a logistic regression model suggests that peaked species richness—

disturbance relationships are more likely to be observed when greater numbers of
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disturbance levels are examined (note that this variable does not necessarily correlate with
the range of disturbance examined), the predictive efficacy of the model is very low (Table
7).

Much confusion regarding the relevancy of the IDH to small- and/or large-scale
disturbances exists in the literature. The IDH does not explicitly make any assumptions
about the scale of the disturbance relative to the size of the community. However, in his
paper that popularized the IDH, Connell (1978) based his theory in part on anecdotal evi-
dence from coral reefs that had undergone extensive damage from large-scale storms and
from studies of tropical forests that examined community structure in single-age stands
that had arisen from large-scale disturbance; this suggests that Connell believed that the
IDH was relevant to large-scale disturbancés and within—patch dynamics. Additionally,
the work of others (e.g. Fuentes and Jaksic 1988) also suggests that the IDH is based on
large-scale disturbances. And, those who study species diversity—disturbance relation-
ships by examining species diversity in small areas located entirely within large disturbed
patches inherently suggest that the IDH should be relevant to within—patch dynamics (e.g.
Collins et al. 1995, Mehlman 1992, Wilson and Tilman 1991, Lake et al. 1989, Armesto
and Pickett 1985, Sousa 1979). Conversely, discussions by authors such as Wilson (1994),
and Abugov (1982), and the abundant studies that compare species diversity among com-
munities that contain several small disturbed patches (e.g. Hiura 1995, Mclntyre et al.
1995, Phillips et al. 1994, Shackleton et al. 1994, Sammarco 1982, Lubchenco 1978) sug-
gest that the IDH is based on small-scale disturbances, or between—patch dynamics (i.e.,
the community is composed of several small patches in different stages of succession).

My Markov models assume that the scale of the disturbance is small relative to the
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size of the community. Because transition probabilities rely, to varying extents, on sources
of propagules both internal and external to the community, it would be logical to expect
the probabilities to change if disturbances lead not only to mortality of much of the com-
munity in question, but also to large-scale mortality of surrounding individuals and
sources of colonizing propagules. This assumption of small-scale disturbance inherently
arises because the models assume that the transition probabilities do not change over time
(i.e., the source of colonizing propagules remains unaffected by disturbance).

Because of the controversy of scale surrounding the IDH, those who support the
idea that the IDH is relevant to only large-scale disturbance may argue that the small-scale
assumption of my models renders them inadequate for making useful conclusions about
the IDH. However, recent work by Collins and Glenn (1997) suggests that the IDH may
be applied to both between— and within—patch scales, or, both small- and large-scale dis-
turbances. Also, results from my meta-analysis indicate that whether a study examines
between— or within—patch scales has no apparent effect on whether the observed species
diversity—disturbance relationship is peaked, suggesting that the IDH is equally applicable
(or equally irrelevant) to both small- and large-scale disturbances. Therefore, there is lit-
tle evidence that the use of small-scale disturbances in my models to make quantitative
predictions regarding the effect of disturbance on species diversity was problematic.

However, because the effect of large— vs. small-scale disturbances on species
diversity is still debatable, the effects of large—scale disturbances should not be general-
ized from the predictions of my models. A discrepancy between the predictions of my
models and the effects of large-scale disturbance on species richness is apparent in the

results of Chapter 3. In Chapter 3, large—scale disturbances arising from extensive human
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landuse and habitat loss, do appear to lead to losses of species (i.e., a significant negative
relationship between species richness and disturbance).

A potentially more serious limitation of the modeling study is that some transition
probability matrices were composed of functional groups, rather than species. The species
information missing from these matrices is potentially very important. The modeling
study suggests that matrix complexity (ratio of the number of non-zero transition probabil-
ities : total number of possible transitions) is largely responsible for whether species
declines will be observed along a disturbance gradient. Communities with high complex-
ity (i.e., virtually any species can replace any other species and bare space in a short span
of time) are unlikely to exhibit any loss of species, while communities with low complex-
ity (i.e., transitions between species are more limited and few species can colonize bare
space) are more likely to suffer extirpations. Thus, if a transition probability matrix that is
composed of functional groups has a matrix complexity very different from the true com-
plexity calculated from species’ transition probabilities, then the model may not make
accurate predictions.

Despite these limitations of the meta-analysis and the modeling study, my work
provides a comprehensive examination of species diversity—disturbance relationships, and
the results do allow one to make conclusions about the generality of the IDH. In the meta-
analysis, non-significant relationships were, by far, the most common; and even if several
of these were actually due to inadequate experimental design in the primary studies, the
results would still indicate that peaked species diversity—disturbance relationships are not
the norm. The results of the meta-analysis in conjunction with the predictions of my

Markov models undoubtedly question the widely held beliefs that species diversity should
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be greatest at intermediate levels of disturbance and that the relationship between species
diversity and disturbance should be consistently strong.

To develop a very good experimental test of a species diversity—disturbance rela-
tionship, several items must be considered. Ideally, species diversity—disturbance relation-
ships should illustrate the long term effect of disturbance history on a community, not the
immediate effect. Therefore, the community must be composed of species with short gen-
eration times, so that the study can run long enough to ensure that the community is given
sufficient time to recover from the initial mortality resulting from disturbance. Because
sampling and study designs greatly influence the observed strength and shape of species
diversity—disturbance relationships, one should conscientiously utilize sampling protocols
that will yield results that reflect the true character of the relationship in question. Thor-
ough sampling is a necessity, and it may take much preliminary effort to determine how
many individuals, how much area, etc. will need to be sampled in order to obtain accurate
measures of species diversity. More than one metric of diversity should be examined.
Results from my work indicate that species richness and species evenness may respond
differently to changes in disturbance, and that observations of evenness may be less sensi-
tive to low sampling intensity than those of richness. Determining the disturbance gradi-
ent may be the most problematic. Although the minimum disturbance level is simple (no
disturbance), it is difficult to know a priori what the natural maximum disturbance level is
for any given community, what portion of the total range of disturbance needs to be exam-
ined to observe the true effect of disturbance on species diversity, and how many treat-
ments (levels of disturbance) should be examined. Again, much preliminary work may be

required to determine what kind of disturbance would be best to examine, and the
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appropriate breadth of the disturbance gradient.

Even when the ideal experimental test of a species diversity—disturbance relation-
ship is performed, my results indicate that the results from that one study should not be
used to make generalizations about the effects of disturbance in other communities. Many
well-designed studies are going to be required before we will know, with greater certainty
than the results from my meta-analysis, under what circumstances peaked (or other
shapes) of relationships are most likely to occur, and when these relationships are likely to

be very strong or very weak.

Human Landuse and Losses of Imperiled Species

While recent studies in conservation biology have identified some hot spots of
endangered species richness, quantitative studies of patterns of losses of imperiled species
are absent from the literature. Hot spots of imperiled species are usually believed to indi-
cate regions containing undesirable environmental attribute(s) that presumably contribute
to the imperiled status of species. However, an alternative scenario is that regions contain-
ing high numbers of imperiled species have desirable environmental attributes that pro-
mote the persistence of these species. Studies of species’ losses, vs. imperiled species
richness, would be more informative about factors associated with species’ extirpations
and extinctions, and where the survival of imperiled species is currently at risk. Compari-
sons of hot spots of imperiled species richness and species’ losses would indicate which
hot spots of imperiled species richness coincide with high densities of losses, and which
hot spots represent regions where imperiled species have been able to persist despite being

lost elsewhere.

133



I quantitatively examined losses of COSEWIC-listed species in Canada to identify
hot and cold spots of species’ losses, and to determine what human landuse attributes are
most closely associated with high frequencies of species’ losses. Unlike many natural dis-
turbances, the extensive, intensive, and chronic nature of human landuse has a significant
long-term effect on species diversity. Several regions in southern Canada have lost many
species that existed there historically. My work shows that, for imperiled bird species and
mammals, these losses are associated with habitat loss and, more importantly, chemically—
intensive agriculture. For imperiled amphibians and reptiles, the results are less clear, but
still indicate that losses are associated with anthropogenic factors.

Although agricultural pesticides are clearly associated with losses of imperiled
species, the nature of the relationship is unclear. The pesticides themselves could be
directly responsible for the losses of many species in certain regions. Alternatively, the
pesticide variables may be indicators of agricultural intensity, suggesting that agricultural
that is both physically and chemically intense may pose the greatest risk to imperiled spe-
cies.

My work suggests that both habitat loss and the ways in which human—-dominated
landscapes are used are related to losses of imperiled species. Continued loss and degra-
dation of important habitats will be devastating, especially in many southern regions of
Canada where landscapes are already dominated by intense human landuse (e.g. southern-
most ecoregion of the Mixedwood Plains ecozone, 90% human landcover). Protection of
critical habitat for imperiled species should be a minimum requisite for the conservation of
imperiled species. Additionally, the kinds of intense landuse that are most detrimental to

imperiled species will need to be limited and/or modified (e.g. reduction in pesticide use;
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enrichment of croplands with non-crop habitats such as wooded fence rows, hedges,
grassy waterways) to prevent further losses of imperiled species in Canada.

My comparisons of richness and losses of imperiled species indicated that hot
spots of imperiled species richness in Canada represent two kinds of areas: 1) areas with
undesirable environmental attributes that are clearly associated with losses of species (e.g.
birds), and 2) areas with attributes that appear to promote the persistence of imperiled spe-
cies that have been extensively lost elsewhere (mammals). Knowledge of where imperiled
species are currently located, from where they have been lost, and detailed information
about various environmental attributes are all necessary for understanding where species
are the most threatened and what factors pose the greatest risk to the survival of imperiled
species.

Results from the modeling study and the meta-analysis indicate that inadequate
sampling can lead to false observations of patterns in species richness and, subsequently,
losses of species. A sampling concern may arise from the use of COSEWIC-listed species
for this study, and the inability to include every species that has suffered range reductions
in Canada during the past 100-200 years. Obviously, because not all changes in species’
distributions are known, not all species that have suffered range reductions in Canada are
listed by COSEWIC. Additionally, not all listed species have well documented historic
and/or current distributions, reducing the sample size of species even further. Because of
the quality of data presented in the COSEWIC reports of species included in my analyses,
and the variety of species included (e.g. hunted/persecuted vs. not, limited and extensive
historic distributions, northern and southem species), I am confident that the qualitative

conclusions from my analyses are applicable to Canadian birds and mammals in general,
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despite the undersampling issue. The sample sizes for amphibians and reptiles in my anal-
yses were too low for confident conclusions to be made, as noted in Chapter 3.

Losses of species may have been disproportionately underestimated in some
heavily populated eastern regions (e.g. Montreal, Halifax), due to some losses potentially
having gone unnoticed during colonial settlement in the 17th and 18th centuries. Losses
may have occurred in some eastern population centers before the early settlers took inven-
tories of the native species. With the data at hand, it is not possible to determine the extent
of this temporal effect of colonization and what actual effect, if any, it has on my results.
Because much of the landscape in these eastern regions is dominated by intensive agricul-
ture and builtup urban centers, the most probable effect of the disproportionate underesti-
mation of losses in these regions is that the effects of both habitat loss and agricultural
pesticide use on species’ losses have been underestimated by my analyses.

The results and conclusions from my analyses of species’ losses need to be inter-
preted with some caution. In addition to potential problems from undersampling (see
above), the collinearity (sometimes very strong) of many predictor variables may lead to
erroneous conclusions about the effect of particular landuse attributes on losses of imper-
iled species. Correlation matrices of all examined variables are provided in Appendix 9,
and should be consulted while reviewing the results presented in Chapter 3.

The analyses presented in Chapter 3 should not be used directly for conservation
policy purposes, but, rather, should be considered a starting point for further research.
Much more work is required to fully understand the effects of habitat loss on losses of dif-
ferent taxa and whether agricultural pesticides are direct causes of species’ losses or rather

are indicators of agricultural and landuse intensity. Additional human landuse variables to
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consider in future work are: specific kinds of habitat loss (e.g. densely builtup cities vs.
builtup regions with large areas of green space), different kinds of agricultural crops and
practices, non-agricultural pesticides and fertilizers, and forestry (total, as well as different
forestry practices). In my analyses, it was not possible to separate the effects of agricul-
tural pesticides and fertilizers; doing so may be informative, especially in the case of
amphibians, which may be more sensitive to fertilizers than are other taxa of terrestrial
vertebrates. More complete datasets of COSEWIC-listed species, as well as non-listed
species that have suffered range reductions in recent history, would provide a basis for

more decisive conclusions about what factors pose the greatest risk to species in Canada.
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Appendices
Appendix 1: Transition Probability Matrices

The six transition probability matrices for communities modeled in Chapter 1 are
outlined below. For further details consult the original sources. Columns represent start-
ing species or species group (i.e., species at time t), and rows represent species or species
group following transition (i.e., species at time #+1). Due to rounding, column sums may

not equal 1.000.

Community: Alpine cushion (CV=Cassinia vauvilliersii, a shrub; DL=Dracophyllum
longifolium, a shrub; HO=Hebe odora, a shrub; Ch=tussocks of the grass
Chionochloa rigida; Cu=Cushion-forming species in discrete cushions,
mainly Donatia novae-zelandiae, Celmisia argentea, and Phyllachne colen-
sot; Tu=Turf, or a mixture of mat-forming species, including Pentachondra
pumila, Cyathodes pumila, and Pernettya macrostigma,; De=Dead plant
material (not included in species counts for estimates of species richness and
evenness); BS=Bare space.

Source: Lough et al. (1987); Table 3.

Matrix complexity = 0.59 (38 non-zero transitions/64 possible transitions)

Ccv DL HO Ch Cu Tu De BS
Ccv 0.154 0 0.286 0.012 0001 0015 O 0
DL 0 0250 O 0 0001 0001 O 0
HO 0.057 0 0143 O 0001 0003 O 0
Ch 0.039 0 0.143  0.259 0004 0041 O 0.050
Cu 0.115 0500 O 0.127 0845 0.179 0316 0.150
Tu 0.635 0.250 0429 0.596 0.118 0730 O 0.800
De 0 0 0 0 0025 0005 0684 O
BS 0 0 0 0.006 0005 0026 O 0
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Community: Heathland (EN=Empetrum nigrum, a dwarf shrub; CV=Calluna vulgaris, a
dwarf shrub ; ET=Erica tetralix, a dwarf shrub; MC=Molinia caerula, a
grass; CP=Carex pilulifera, a grass; JP=Juncus squarrosus, a grass;
RA=Rumex acetosella; OS=other species; BS=bare space)

Source: Lippe et al. (1985); Table 2

Matrix complexity = 0.88 (71 non-zero transitions/ 81 possible transitions)

EN cv ET MC CP IS RA 0s BS

EN 0.808 0.232 0321 0.358 0426 0.280 0.154 0390 0.270
cv 0.081 0.608 0.159 0.094 0.211 0.211 0.084 0.161 0.183

ET 0.038 0.037 0.358 0.057 0.088 0.123 0 0.169 0.078
MC 0.003 0.002 0.002 0.340 0006 0.018 0 0 0.001
CcP 0.006 0.011 0.011 0.019 0.135 0 0.021 0 0.012
JS 0.002 0.003 0.005 0.038 0.006 0.262 0.007 0.017 0.002
RA 0.001 0.002 0.002 0 0.006 0.018 0.182 0 0.018
oS 0.004 0.005 0.002 0 0006 O 0 0.059 0.012

BS 0.056 0.100 0.141 0.094 0.117 0.088 0.552 0.203 0.425

Note: Probability values in the "other species” column differ from those reported
in Lippe et al. (1985). Because the sum for the "other species” column in Lippe et al.
(1985) is 1.18, I standardized the transition probabilities in this column so that the column

sum equals the required value of 1.
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Community: Corals (EA=Encrusting Acroporid corals, TA=Tabular Acropora,
BA=Bushy Acropora, SA=Staghorn Acropora, SC=Soft corals, AL=Algae,
MC=Massive corals, PC=Pocilloporid corals, BS=Bare space)

Source: Tanner et al. (1994)

Matrix complexity = 0.91 (74 non-zero transitions/ 81 possible transitions; exposed crest)

and 0.88 (exposed pools and protected crest)

EA TA BA SA SC AL MC PC BS
Exposed
Crest
EA 0623  0.005 0014 0.013 0 0.049 0.036 0037 0.022
TA 0009 0.565 0004 0.016 0.013 0.009 0.016 0017 0.008
BA 0036 0012 058 0.023 0.053 0.067 0.088 0044 0.047
SA 0019 0.005 0011 0475 0.040 0.076 0.024 0044 0.026
SC 0001 0.007 0 0.001 0.267 0 0 0002 0.004
AL 0.008 0.012 0009 0.022 0.013 0.137 0.012 0012 0011
MC 0001 O 0.004 0.002 0 0.012 0424 0005 0.006
PC 0007 O 0.007 0.012 0.027 0.009 0.012 0358 0.013
BS 0297 0.395 0365 0436 0.587 0.640 0.388 0480 0.863
Exposed
Pools
EA 0.257 0002 0003 0.004 0 0.008 0.029 0 0.006
TA 0053 0.575 0062 0.079 0.077 0.104 0.052 0.11s 0.104
BA 0.150 0.039 0391 0.005 0.128 0.102 0.029 0071 0.067
SA 0.150 0.042 0.067 0.632 0 0.048 0.152 0.105 0.058
SC 0 0002 0 0 0.128 0.005 0 0003 0.003
AL 0.009 0.005 0023 O 0.051 0.152 0.048 0050 0.064
MC 0 0.001 0006 0.011 0 0.025 0.224 0003 0.018
PC 0.027 0.008 0012 0.011 0.077 0.031 0.019 0.178 0.036
BS 0354 0326 0437 0.258 0.538 0.526 0.448 0476 0644
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Protected
Crest

TA
BA
SA
SC

MC

BS

EA TA BA SA SC AL MC PC BS
0354 0.046 0032 0032 0 0.071 0.025 0.039 0.059
0021 0314 0.005 0.004 0.003 0.014 0 0 0.014
0066 0.030 0478 0.082 0.016 0.090 0.076 0.105 0.091
0049 0.016 0038 0439 0.009 0.057 0.031 0.053 0.039
0.001  0.005 0.005 0.004 0.835 0.005 0011 0 0.014
0009 0.036 0.007 0.004 0 0.033 0.015 0 0.007
0015 0.003 0013 0014 0.006 0.052 0.340 0 0.032
0.002  0.005 0.001 0.001 0 0 0 0224 0.004
0482 0544 0421 0421 0.131 0.678 0.501 0.579 0.741
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Appendix 2: Example of a Markov Model

My models consisted of three basic components: 1) a community vector com-
posed of 5000 cells, each representing a single individual; 2) a transition probability
matrix used to estimate changes in community composition over a given time interval; and
3) a generic disturbance (Fig. 29). Disturbance was applied to each community at varying
levels of intensity (proportion of individuals killed), frequency (how often, on average,
disturbance-induced mortality occurred), and species—selectivity; each of these was held
constant for the duration of a run. Disturbance intensity ranged from 0 to 100% of indi-
viduals being killed, at 10% increments. Disturbance frequency ranged from O to 1 per
transition time interval, at 0.1 increments. Cells that are determined to be affected by a
disturbance are immediately converted to bare space.

Non-selective disturbances are those in which all species are treated equal in terms
of mortality; if disturbance intensity is 50%, then 50% of all individuals, regardiess of spe-
cies, are killed and their cells are converted to bare space. Dominant-selective distur-
bances kill only the competitively most dominant species; if disturbance intensity is 50%,
then 50% of individuals belonging to that dominant species are killed. Least dominant-
selective disturbances kill only the competitively least dominant species. Species’ domi-
nance for the disturbance selectivity exercises was determined by running the models
without any interference by disturbance. The dominant species is the one that numerically
dominated the community when the community was allowed to reach equilibrium. The
least dominant species is the one that was the first species to be eliminated by others, or, if
no species was eliminated, the species that was numerically least dominant when the com-

munity was allowed to reach equilibrium.
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The models were run for 100 transition time intervals, with disturbance intensity,
frequency, and species selectivity held constant. Each of these time intervals was assigned
a random number between O and 1 in order to randomly determine in which transition time
intervals a disturbance would occur, based on the average disturbance frequency for that
run. For example, if the assigned disturbance frequency was 0.30, then all time intervals
with a random number < 0.30 would have a disturbance event.

Fig. 29 is a schematic diagram illustrating the basic steps performed by the
Markov models developed in Chapter 1. At the junction depicted by A, the community
vector either passed directly to step C where it was multiplied by the transition probabil-
ity matrix, or it underwent a disturbance event (B ). Whether or not a disturbance event
occurred depended upon the pre-assigned disturbance frequency, as well as the random
number assigned to that particular time interval (see above). If a disturbance event did
occur, each of the 5000 cells in the community vector was assigned a random number
between 0 and 1. These random numbers were used to determine which individuals in the
community would be affected by disturbance, and, therefore, which cells would be con-
verted to bare space. If the pre-assigned disturbance selectivity was 70%, then all cells
containing an individual (rather than bare space) and assigned a random number < 0.70
were immediately converted to bare space. A post-disturbance community vector was
then calculated: the contents of all undisturbed cells remained unchanged, and all dis-
turbed cells then contained bare space.

The post-disturbance community then passed to step C where it was multiplied by
the transition probability matrix. At the beginning of step C, whether the community

underwent disturbance or not, each cell was assigned a random number between 0 and 1.
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These random numbers were used to determine which transitions each cell would undergo
during the transition time interval. Remember that a transition probability matrix contains
the probabilities associated with each possible transition from each species (or bare space)
to each species (or bare space). If, for example, the probability of a transition from species
1 to species 1 is 0.5, then all cells containing individuals of species 1 and assigned a ran-
dom number < 0.5 will continue to contain species 1. If the transition probability from
species 1 to species 2 is 0.15, from species 1 to species 3 is 0.05, from species 1 to species
4 is 0.1, and from species 1 to species 5 is 0.2, then use the following delimiters to deter-
mine which cells will undergo each transition: species 1 to 2, 0.5 < random number <
0.65; species 1 to 3, 0.65 < random number < 0.7; species 1 to 4, 0.7 < random number <
0.8; and species 1 to 5, 0.8 < random number < 1. This was repeated for each column (i.e.,
each species and bare space) in the transition probability matrix.

The community vector at time r+1 was calculated in step D. Atthis point, each
cell in the community vector was assigned a random number ranging from 0 to 1. This
time, random numbers were used to census the community. To determine whether sam-
pling intensity affected the predictions made about a specific relationship, all 12 sampling
intensities (5000, 2500, 1250, 625, 313, 156, 78, 39, 20, 10, 5, or 3 cells censused) were
examined sequentially within the same model run. If only one sampling intensity was
examined in each run, then it is possible that differences in model predictions from runs
with different sampling intensities may actually be due to something other than sampling
intensity. When sampling intensity was 3 cells (0.06%), then all cells with a random num-
ber < 0.0006 were censused. As sampling intensity was increased, more cells were

sequentially added to the census, until all cells were censused. Both species richness (the
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number of species censused) and species evenness (Pielou’s J; J = -X p;log,p/logy(S),
where p; is the proportion of all individuals belonging to species i and § is the number of
species) were calculated for each sampling intensity at this point. In step F, the commu-
nity vector at r+1became the starting point for the next transition time interval, and the
whole procedure was repeated. A total of 100 transition time intervals were modeled in
one run, and average species richness and evenness were calculated. This was repeated 20
times; average richness and evenness and standard errors of each are caiculated at the end.
For each community modeled, this process was repeated for each combination of distur-
bance frequency and intensity (11 frequencies x 11 intensities = 121 disturbance regimes),

and each of the three disturbance selectivities.
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Figure 29: A schematic diagram illustrating the basic steps of a Markov model modified
by interfering disturbance events. The community composition at any given
time ¢ is represented by a community vector, with each of 5000 individuals

noted by x;.
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Appendix 4: Number of species diversity—disturbance relationships associated with

different disturbances.

Disturbance Richness Diversity Evenness

boulder movement 8 6
bulldozing & soil deposition 1

cattle/goat grazing

clearcutting/deforestation 15 6
cultivation 8 4
currents/ wave action

dilution 1 2
dredging 1
fire 17
flood/1andslide
frost (soil)
grazing

— e W &

o W
- A N

human landuse

immersion in formalin

kicking/raking substratum

mining

pest infestation

pocket gopher/ porcupine soil disturbance
predation

— ) N e

sedimentation

soil disturbance (miscellaneous)
vegetation clipping

volcanic eruption

windthrow/ treefall

wrack mats in pond

W = A o N OR W W e e e WD e

other
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Appendix 5: Example of pattern analysis for the meta-analysis in Chapter 2

Pattern analysis of the primary species diversity—disturbance relationships
obtained from published studies involved several steps, as outlined in the methods of
Chapter 2. Below is one example, using data from: Martinsen, G.D., J. H. Cushman, and
T.G. Whitham. 1990. Impact of pocket gopher disturbance on plant species diversity in a

shortgrass prairie community. Oecologia 83: 132 - 138.

Step 1) Plot data for visual examination of pattern
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Step 2a) Perform linear regression:

diversity = constant + ;(disturbance magnitude)

DEPVAR: H N: 21 MULTIPLER:0.718 SQUARED MULTIPLE R: 0.516
ADJUSTED SQUARED MULTIPLE R: 0490 STANDARD ERROR OF ESTIMATE: 0.164919071

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2TAIL)

CONSTANT 0.270004805 0.067143202 0.000000000 . 4.02133 0.00073
DISTURBANCE 0.556000137 0.123595258 0.718166562  .100E+01 4.49856 0.00025

ANALYSIS OF VARIANCE
SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P

REGRESSION 0.550412055 1 0.550412055 .202370E+02 0.000246
RESIDUAL 0.516767697 19 0.027198300

Step 2b) check residuals to ensure assumptions are satisfied (e.g. normality, homogene-

ity). If assumptions are not satisfied, use appropriate data transformations.

Step 2¢) Is regression model significant? Yes (P = 0.00025).

Step 3a) Perform polynomial regression:

diversity = constant + B, (disturbance magnitude) + B,(disturbance magnitude)?
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DEPVAR: H N: 21 MULTIPLER: 0.809 SQUARED MULTIPLE R: 0.655
ADJUSTED SQUARED MULTIPLE R: 0.616 STANDARD ERROR OF ESTIMATE: 0.143054009

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL)

CONSTANT 0.118128978 0.081072439 0.000000000 . 145708 0.16232
DISTURBANCE 1.722333464 0.446178152 2.224679851 0.0577358 3.86019 0.00115

DISTURBANCE? -1.297883583 0.481956338 -1.551981806 0.0577358 -2.69295 0.01487
ANALYSIS OF VARIANCE
SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P

REGRESSION 0.698819659 2 0.349409830 .170740E+02 0.0000696
RESIDUAL 0.368360093 18 0.020464450

Step 3b) check residuals to ensure assumptions are satisfied (e.g. normality, homogeneity)

Step 3c) Is regression model significant? Yes (P = 0.00007). Are both the linear and qua-
dratic terms of the model significant? Yes (linear: 0.001; quadratic: 0.01).

Conclusion: both visual examination of the plotted data and the regression models
indicate that the relationship may be either unimodal (i.e., maximum diversity occurs at
some intermediate level of disturbance magnitude) or positive monotonic.

Note: If the model and only one term are significant, then the relationship would
be classified as monotonic (positive monotonic if the sign of the significant slope is posi-
tive; negative monotonic if the slope is negative). If neither of the individual terms is sig-
nificant, or if the model is not significant (i.e., if P>0.05), then the relationship would be
classified as non-significant.

If the regression models indicate that the relationship may be unimodal, then pro-
ceed to Step 4. If regressions have indicated that the relationship is either non-significant

or monotonic, then analyses are complete.
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Step 4a) Calculate the position of the maximum value of diversity (z), as determined from

the polynomial regression in Step 3a.

z= -B,)/2 * By =-1.722/(2*-1.298) = 0.663

Step 4b) Is the calculated maximum within the range of disturbance included in the
dataset? Yes (maximum diversity is at a disturbance magnitude of 0.663, and disturbance
ranges from 0.05185 to 0.88); proceed to Step S.

If maximum diversity is calculated to occur outside the range of disturbance exam-
ined, then the relationship is classified as monotonic because it is not unimodal within the

range of disturbance examined in the study, and analyses are complete.

Step 5) Perform Mitchell-Olds and Shaw test (Mitchell-Olds, T. and R.G. Shaw. 1987.
Regression analysis of natural selection: statistical inference and biological interpretation.
Evolution 41: 1149 - 1161) to determine whether the position of the original maximum of
diversity calculated to occur at some intermediate value along the examined disturbance
gradient is statistically better than some other maximum of diversity constrained at the
edge or outside of the range of disturbance examined in the study. That is, test the original
model against new models in which the peak in diversity is forced to occur at the edge of

or outside out of the range of disturbance examined in the study.
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Step 5a) transform the values of disturbance magnitude:
— 22
X =X - 2(z)x;

where x;; is the transformed value of disturbance magnitude, x; is the untrans-
formed value, and z_ is the value of disturbance at which the peak of the relationship will
be constrained.

Because, in this case, the relationship is either peaked or positive monotonic, first
constrain the maximum at the high end of the disturbance gradient (i.e., at disturbance
magnitude = 0.88) to see if the position of the original maximum is better than a maximum
at the highest level of &isturbance examined. Thus, the transformation of disturbance
magnitude is:

X = xiz - 2(0.88)x,

Note: if the relationship was peaked or negative monotonic (rather than positive
monotonic), then first constrain the maximum at the minimum value of disturbance. This
will compare the original model with a model that forces the diversity maximum to occur

at the lowest level of disturbance examined.
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Step 5b) Perform a new regression with constrained transformed values of disturbance
magnitude:
diversity = constant + B,x; + B3x;

DEPVAR: H N: 21 MULTIPLER: 0.809 SQUARED MULTIPLE R: 0.655
ADJUSTED SQUARED MULTIPLE R: 0.616 STANDARD ERROR OF ESTIMATE: 0.143054009

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P2 TAIL)
CONSTANT 0.118128978 0.081072439 0.000000000 . 1.45708 0.16232

DISTURBANCE -0.561941642 0.428756628 -0.725841002 0.0625231 -1.31063 0.20646
Xti -1.297883583 (0.481956338 -1.491382942 0.0625231 -2.69295 0.01487

ANALYSIS OF VARIANCE
SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P

REGRESSION 0.698819659 2 0349409830 .170740E+02 0.0000696
RESIDUAL 0.368360093 18  0.020464450

Step 5¢) Is B5 significant (i.e., P<0.05)? No; this indicates that the regression model with
maximum diversity at the original intermediate level of disturbance (0.663) is statistically
no different or better than the constrained model where maximum diversity was forced to

occur at the highest level of disturbance examined in the study (0.88).

Step 5d) Repeat steps Sa, Sb, and 5c with a constrained maximum placed outside the

range of disturbance (in this example, I use disturbance magnitude = 1.0).

DEPVAR: H N: 21 MULTIPLER: 0.809 SQUARED MULTIPLE R: 0.655
ADJUSTED SQUARED MULTIPLE R: 0.616 STANDARD ERROR OF ESTIMATE: 0.143054009

VARIABLE COEFFICIENT STDERROR STDCOEF TOLERANCE T P(2TAIL)

CONSTANT 0.118128978 0.081072439  0.000000000 . 1.45708 0.16232
DISTURBANCE -0.873433701 0.541524712 -1.128184755 0.0391945 -1.61292 0.12416
X -1.297883583 0.481956338 -1.883634365 0.0391945 -2.69295 0.01487
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ANALYSIS OF VARIANCE
SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P

REGRESSION 0.698819659 2 0.349409830 -170740E+02 0.0000696
RESIDUAL 0.368360093 18 0.020464450

Is B significant (i.e., P<0.05)? No. This indicates that the regression model with
maximum diversity at the original intermediate level of disturbance (0.663) is statistically
no different or better than the constrained model where maximum diversity was forced to
occur at a level of disturbance greater than the maximum level examined in the study
(0.88). Because f3; from this model is more significant than B from the model con-
strained at disturbance magnitude = 0.88, it appears that the true peak in diversity is indeed

- outside the range of disturbance examined in the study, rather than at some intermediate
level of disturbance within the range examined. Further models with maximum diversity
constrained at increasingly larger values of disturbance verify this; P values of B get con-
sistently smaller as z, is increased.

Therefore, the peak in diversity originally thought to occur at an intermediate level
of disturbance is, in fact, not a true “intermediate” peak. The relationship is classified as
positive monotonic rather than unimodal (peaked).

Note: if B3 was significant, then the original unconstrained model would be a sta-
tistically better model than the constrained model. Perform a few more constrained
regressions (with z_. forced outside the range of disturbance examined in the study) to ver-
ify this conclusion. If B; remains significant, then the relationship should be classified as

unimodal.
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Appendix 6: Dataset for meta-analysis in Chapter 2

Listed below are brief explanations of the variable in each column of the data table

that follows. For detailed explanations, consult the Methods section of Chapter 2.

Paper Paper from which primary data were obtained

SD Metric Measure of species diversity examined: species richness, species
evenness, or diversity

2 r? (from parametric regression and ANOVA); the proportion of the
variation in species diversity explained by disturbance

Category Shape assigned to species diversity—disturbance relationship. See
Methods of Chapter 2 and Appendix 5 for details of pattern analysis.

Community Organisms or community studied

Anim_Plant Animal vs. Plant community

Terr_Aqua Terrestrial vs. Aquatic system

Sess_Motile Sessile (attached) vs. Motile/floating organisms

Sess_Motile_2  Sessile producers vs. Motile consumers

AET Actual Evapotranspiration (mm water); an estimate of productivity
for terrestrial systems

Disturbance A brief description of the kind of disturbance examined

Abio_Bio Abiotic (e.g. fire, flood) vs. Biotic (e.g. grazing, digging) distur-
bance

Abio_Bio_2 Abiotic vs. Biotic disturbance, for natural disturbances only
(excludes anthropogenic disturbances)

Disturbance Type of disturbance gradient examined: disturbance frequency, dis-

Gradient turbance intensity, an interaction of frequency and intensity, or a gra-

dient of time passes since the last disturbance event

Spat_Temp Spatial vs. Temporal disturbance gradient. Gradients of disturbance
frequency, disturbance intensity, or an interaction of the two are spa-
tial gradients. Temporal gradients are those that involve gradients of
time passed since the last disturbance.

Anth_Nat Anthropogenic vs. Natural disturbance
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Chron_Epi
Exh_Part
Quadrat Area

NSamp
Total Area

SP_Mosaic

Temp Grad
Obs_Exp/manip
Biom_Hab

Chronic (e.g. grazing) vs. Episodic (e.g. fire) disturbance.
Exhaustive vs. Non-exhaustive censusing of samples

Area sampled to obtain one data point

Number of disturbance levels examined

Number of samples (one datum is yielded from one sample)

Total area of disturbance level sampled (# samples/treatment * quad-
rat area); if number of samples differed among treatments, then the
average total area was used

Single patch vs. mosaic of patches. Single patch: sample is from a
homogeneously disturbed patch. Mosaic: sample is from an area
containing small disturbed patches

Duration of temporal gradient (yr.)
Observational study vs. Experimental or manipulative

The disturbance directly affected or removed only biomass of the
community studied vs. the habitat of the community vs. both
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Appendix 7: COSEWIC-listed species included in analyses for Chapter 3.

Birds

Common Name

Scientific Name

Acadian flycatcher
American white pelican
Ancient murrelet
Bald eagle

Bicknell's thrush
Burrowing owl
Caspian tern

Eskimo curlew
Ferruginous hawk
Forester's tern

Great auk

Great blue heron
Greater Prairie-chicken
Henslow's sparrow
Hooded warbler
Ivory gull

King rail

Labrador duck

Least bittern

Lewis' woodpecker
Loggerhead shrike
Long-billed curlew
Louisiana waterthrush
Northern bobwhite
Passenger pigeon
Peregrine falcon
Piping plover

Prairie warbler
Prothonotary warbler
Red-headed woodpecker
Red-shouldered hawk

Empidonax virescens
Pelecanus erythrorhynchus
Synthiliboramphus antiquus
Haliaeetus leucocephalus
Catharus bicknelli
Speotyto cunicularia
Sterna caspia

Numenius borealis

Buteo regalis

Sterna forsteri

Pinguinus impennis

Ardea herodias
Tympanuchus cupido
Ammodramus henslowii
Wilsonia citrina
Pagophila eburnea

Rallus elegans
Camptorhynchus labradorius
Ixobrychus exilis
Melanerpes lewis

Lanius ludovicianus
Numenius americanus
Seiurus motacilla

Colinus virginianus
Ectopistes migratorius
Falco peregrinus
Charadrius melodus
Dendroica discolor
Prothonotaria citrea
Melanerpes erythrocephalus
Buteo lineatus
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Mammals

Amphibians

Reptiles

Common Name

Scientific Name

Roseate tern

Sage grouse

Sage thrasher
Spotted owl
Sprague's pipit
Yellow-breasted chat

Bison

Caribou

Gray wolf

Grey fox

Grizzly bear

Mountain beaver
Pacific water shrew
Southern flying squirrel
Swift fox

Townsend's mole
Vancouver Island marmot
Wolverine

Fowler's toad

Northern cricket frog
Northern dusky salamander
Northern leopard frog
Northern red-legged frog
Pacific giant salamander

Black rat snake

Eastem hognose snake

Eastern Massasauga rattlesnake
Five-lined skink

Queen snake

Racer

Short-homed lizard

Sterna dougallii
Centrocercus urophasianus
Oreoscoptes montanus
Strix occidentalis

Anthus spragueii

Icteria virens

Bison bison

Rangifer tarandus

Canis lupus

Urocyon cinereoargenteus
Ursus arctos

Aplodontia rufa

Sorex bendirii
Glaucomys volans
Vulpes velox

Scapanus townsendii
Marmota vancouverensis
Gulo gulo

Bufo fowleri

Acris crepitans
Desmognathus fuscus
Rana pipiens

Rana aurora
Dicamptodon tenebrosus

Elaphe obsoleta obsoleta
Heterodon platyrhinos
Sistrurus catenatus catenatus
Eumeces fasciatus

Regina septemvittata
Columber constrictor
Phrynosoma douglassii
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Appendix 8: Raw data from Chapter 3 analyses

For explanations of abbreviations used in the following tables, see Appendix 10.
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Appendix 9: Correlation matrices for variables examined in Chapter 3

For explanations of abbreviations used in the following tables, see Appendix 10.

A) Spearman rank correlation matrix for variables examined in regression analyses of all

217 Canadian terrestrial ecoregions.

B) Spearman rank correlation matrix for variables examined in regression analyses of the

80 Canadian terrestrial ecoregions with detected human landcover.
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Appendix 10: Descriptions of abbreviations from Tables 10 and 11 and

Appendices 8 and 9

Unless otherwise stated, human landuse data are from the 1991 census (Statistics Canada

1999).

AB(uiltup)
% AB

AC(ropland)

% AC
%ACH

% ACI
AC1861
AF(orest)
AFert
AH(erb)
AHD1

% AHD1
AHD2

% AHD2
Al(ns)
AN(atural)
AR(ange)
% ARange
Area
AW(ater)

Ecoregion

Builtup area (km2; from AVHRR data); e.g. residential development
% of ER dominated by builtup landcover (from AVHRR data)
Cropland area (km2; from AVHRR data)

% of ER dominated by cropland (from AVHRR data)

% of cropland treated with herbicides

% of cropland treated with insecticides

Cropland area in 1861 (km2)

Forest landcover area (km2; from AVHRR data)

Area treated with agricultural fertilizers (km2)

Area treated with agricultural herbicides (km2)

Human-dominated landcover (km2; from AVHRR data); builtup + crop-
land + rangeland

% of ER dominated by total human landcover (from AVHRR data)
Builtup + Cropland (km2; from AVHRR data)

% of ER dominated by Builtup + Cropland (from AVHRR data)
Area treated with agricultural insecticides (km2)

Area dominated by natural landcover (km2; from AVHRR data)
Rangeland area (km2; from AVHRR data)

% of ER dominated by rangeland (from AVHRR data)

Ecoregion area (km2; from AVHRR data)

Freshwater area (km2; from AVHRR data)

Ecoregion Name
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Ecozone

ER

$ Fert(ilizer)
ISRa

ISRb
ISRm

ISRr
ISRt

LPI_hum

LPI_nat

MAT
#P

PDens

$ Pest(icide)
$P+F
Pop1871
Pop1991
PopD1871
PopD1991
PopGr

RR

RRD

SLa

SLb

Ecozone Name
Ecoregion number
Agricultural fertilizers ($ purchased)

# COSEWIC-listed Amphibian species remaining in ER (out of 6 in
study)

# COSEWIC-listed Bird species remaining in ER (out of 37 in study)

# COSEWIC-listed Mammal species remaining in ER (out of 12 in
study)

# COSEWIC-listed Reptile species remaining in ER (out of 7 in study)

Total # COSEWIC-listed (imperiled) species remaining in ER (out of 62
in study)

Largest Patch Index for human-dominated landcover (% of total ER area
covered by the largest patch of human-dominated landcover)

Largest Patch Index for natural-dominated landcover (% of total ER area
covered by the largest patch of natural landcover)

Mean annual temperature (C)

Total number of patches, or polygons, of human + natural-dominated
landcover (from AVHRR data)

Patch, or polygon, density (# patches/km2)
Agricultural pesticides ($ purchased)

Agricultural pesticides + fertilizers ($ purchased)
Human population in 1871

Human population in 1991

Human population density in 1871

Human population density in 1991

Human population growth between 1871 and 1991
Length of roads and railways (km)

Road and railway density (km/km2)

# COSEWIC-listed amphibian species lost from part of or entire ER (out
of 6 in study)

# COSEWIC-listed bird species lost from part of or entire ER (out of 37
in study)
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SLm

SLr

SLt

SNLa

SNLb

SNLm

SNLr

SNLt

SRa
SRb
SRm
SRr
SRt

# COSEWIC-listed mammal species lost from part of or entire ER (out
of 12 in study)

# COSEWIC-listed reptile species lost from part of or entire ER (out of
7 in study)

Total # COSEWIC-listed species lost from part of or entire ER (out of
62 in study)

# of COSEWIC-listed amphibian species remaining without any loss in
ER (out of 6 in study)

# of COSEWIC-listed bird species remaining without any loss in ER
(out of 37 in study)

# of COSEWIC-listed mammal species remaining without any loss in
ER (out of 12 in study)

# of COSEWIC-listed reptile species remaining without any loss in ER
(out of 7 in study)

Total # of COSEWIC-listed species remaining without any loss in ER
(out of 63 in study)

Amphibian species richness (from feral distribution maps)
Bird species richness (from feral distribution maps)
Mammal species richness (from feral distribution maps)
Reptile species richness (from feral distribution maps)

Total species richness (from feral distribution maps; birds + mammals +
amphibians + reptiles)
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