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Endangered forest-grassland mosaics interspersed with expand-
ing agriculture and silviculture occur across many parts of the
world, including the southern Brazilian highlands. This natural
mosaic ecosystem is thought to reflect alternative stable states
driven by threshold responses of recruitment to fire and mois-
ture regimes. The role of adaptive human behavior in such sys-
tems remains understudied, despite its pervasiveness and the fact
that such ecosystems can exhibit complex dynamics. We develop
a nonlinear mathematical model of coupled human-environment
dynamics in mosaic systems and social processes regarding con-
servation and economic land valuation. Our objective is to bet-
ter understand how the coupled dynamics respond to changes
in ecological and social conditions. The model is parameterized
with southern Brazilian data on mosaic ecology, land-use profits,
and questionnaire results concerning landowner preferences and
conservation values. We find that the mosaic presently resides
at a crucial juncture where relatively small changes in social
conditions can generate a wide variety of possible outcomes,
including complete loss of mosaics; large-amplitude, long-term
oscillations between land states that preclude ecosystem stabil-
ity; and conservation of the mosaic even to the exclusion of
agriculture/silviculture. In general, increasing the time horizon
used for conservation decision making is more likely to main-
tain mosaic stability. In contrast, increasing the inherent con-
servation value of either forests or grasslands is more likely
to induce large oscillations—especially for forests—due to feed-
back from rarity-based conservation decisions. Given the potential
for complex dynamics, empirically grounded nonlinear dynamical
models should play a larger role in policy formulation for human-
environment mosaic ecosystems.

Human-environment coupling | forest-grassland mosaics
ecosystem services valuation | southern Brazil

istorically, humans have manipulated their environment

beyond sustainable levels, leading to local or regional col-
lapses in resources or even civilizations (1-3). The current
paradigm of the human-environment relationship is a dominant
one-way deleterious impact of humans on natural ecosystems
(Fig. 14) (4). Human activities, including agriculture, forestry,
and livestock management, contribute to widespread conversion
of natural ecosystems to cultivated areas at the expense of ecosys-
tem services (5, 6), and as human populations continue to expand
the scope and magnitude of human influence on natural ecosys-
tems also grows (7).

Although it is clear that this negative paradigm needs to be
superseded (1, 4), it has been argued that this can only hap-
pen given an understanding of the coupled interactions between
human behavior and ecosystem dynamics (8-12). As previous
research on human-environment systems has found, the impor-
tance of human behavior in conservation biology is undeniable,
suggesting that an integrated human—environment approach is
necessary for successful conservation (13-16). In addition to
consumption, human-environment interactions can be motivated
by endangerment of species and ecosystems, ecosystem services
valuation, and related policies and subsidies (17). This can in
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turn have a positive impact on natural systems. For example,
when natural land becomes rare, individuals, policies, and sub-
sidization support conservation (positive feedback) (Fig. 1B).
Once the natural system is restored to a certain level it may
no longer remain a conservation priority, allowing for greater
resource extraction (negative feedback).

This negative feedback loop is exemplified by the process of
sustainable forest management (e.g., protected areas, harvest-
ing limits, reforestation projects, and import regulations) but
can also occur in other human—environment systems (e.g., fish-
eries, hunting quotas, and endangered species recovery) (18).
One well-known case is the recovery of the dry tropical forests
of Costa Rica. Similar to many tropical countries, Costa Rica
experienced rapid deforestation for agricultural and livestock
purposes. However, Costa Rica is notable in its vigorous imple-
mentation of national conservation policies to restore forests,
including payments for environmental services, protected areas,
and restrictions on timber extraction (19, 20). Although regional
and national successes are evident, many other natural areas of
the tropics and subtropics remain a conservation priority due to
overwhelming endangerment and a poor understanding of cou-
pled human—environment systems (21, 22).

When natural ecosystems occur as alternative stable states, an
understanding of human—environment relationships can become
even more complicated (23). One such example is forest—
grassland mosaics (Fig. 2), where natural grassland and nat-
ural forest coexist and can alternate in dominance over time
based on positive feedbacks in threshold responses to distur-
bance regimes (11, 24-27). Pollen and charcoal records reveal
vegetation changes following climate shifts and environmental
condition shifts on a millennial time scale, whereas human activ-
ities can cause dramatically different states within centuries (28—
30). The expansion of human influence (both positive and neg-
ative) has the potential to catastrophically affect the stability
dynamics of mosaic ecosystems (11, 31, 32). In southern Brazil,
as in many other parts of the world (e.g., South Western Ghats
montane forests in India and the Jos Plateau forest—grassland
mosaic in Nigeria), these forest—grassland ecosystems are doubly
endangered in the sense that both the natural grasslands and the
natural forests are extremely rare (33, 34). Grassland conserva-
tion is often overshadowed by forest conservation, because indi-
viduals perceive forest as having higher aesthetic value (21, 35).
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Fig. 1. Human-environment coupling. The negative relationship between
humans and natural ecosystems is driven primarily by competition with agri-
cultural land (A). Alternatively, sustainable human behavior (i.e., valuation
of natural ecosystem services) leads to positive changes in natural ecosys-
tems when natural ecosystems are rare (B), whereas the perception of abun-
dant natural ecosystems results in a decreased desire to conserve natural
ecosystems.

Brazil’s Forest Code (BFC)—the law that protects all natural
vegetation in Brazil—reflects this perceived bias in the valuation
of forest (35), such that individuals are often unaware or unwill-
ing to protect grassland.

In earlier work using a relatively simple model we suggested
that introducing strong human coupling (through harvesting
and other human impacts) removes bistability in these mosaics
(11). Other researchers have also pointed out that attempting
to manage natural ecosystems without appreciating the poten-
tially large role played by alternative stable states may lead to
unforeseen collapses in ecosystems due to the presence of tip-
ping points (28). Therefore, in systems where both bistability and
strong human influence are present, there is value in develop-
ing coupled human-environment system models. With increased
awareness of the possible effects of human interventions, we can
examine sustainability in the context of both naturally occurring
and human-influenced regime shifts.

Here we couple human social dynamics, in terms of imita-
tion, conservation values, and economic gains, with an ecological
model of a forest—grassland mosaic. The objective of this work
is to understand the dynamics arising from coupling between
decision making about land conversion (a complex process that
considers both human values and economic gains) and bistable
mosaic ecosystems and draw conclusions about potential land-use
policy implications. We investigate how this coupling might lead
to outcomes that cannot be understood when these systems are
considered in isolation. We evaluate the effectiveness of conser-
vation values, discount rates, and discount time horizons at main-
taining natural mosaics. We use empirical data and question-
naire results from a human-dominated forest-grassland mosaic
system in southern Brazil as a case study to parameterize our
model. Modeling approaches for nonlinear dynamical systems
vary across a spectrum from simple dynamical models that can
be analyzed by pencil and paper (or chalk and chalkboard) to
detailed statistical models and spatially explicit, stochastic, agent-
based models. Simple dynamical models allow us to explicitly
describe underlying mechanisms in complex biological systems,
thereby “enabling meaningful comparison between the conse-
quences of basic assumptions and empirical facts” and allowing
space for a parsimonious description to emerge, although over-
simplification may prevent researchers from answering ecological
questions (36). Most coupled human-environment systems mod-
els are relatively detailed agent-based models, whereas differen-
tial equation models of intermediate complexity are seldom used.
Because of this gap in the “ecology” of human—environment sys-
tem models, and according to the data that were available to us,
we opted to develop a differential equation model of intermedi-
ate complexity. The model is described in the following section.

Methods Overview

Study System. The dominant land cover of the southeastern
Brazilian highland region has historically alternated between for-
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est and grassland with changes in climate and greater human
inhabitance (i.e., fire and grazing) (24, 37). Paleoecological
records provide a historical range of vegetation patterns and nat-
ural disturbance regimes, which are used to infer potential mul-
tiple stable states.

The forest—grassland mosaics of southern Brazil (23° to 30°S
and 55° to 48°W) are among the most diverse in the world
(24). The Campos grasslands and the Atlantic forest are rich
in species diversity (38, 39). In addition, the Atlantic for-
est is host to many endemic species—including the endan-
gered Araucaria angustifolia tree species. Over the past 30 to
60 y, converted (agriculture and/or silviculture) land use has
expanded into these ecological hotspots of southern Brazil
(24, 38). This provides an opportunity to study a natural
mosaic ecosystem under rapidly evolving (and growing) human
influence. Thus, the Campos-Araucaria mosaic constitutes an
important case study for anthropogenically disturbed mosaic
ecosystems.

Environment (Land-Use and Natural Dynamics) Model. We build on
previous models of forest—grassland dynamics (11, 40, 41), where
biophysical processes regulate changes between grassland and
forest. We model transitions between forest (F'), grassland (G),
and converted land (agriculture and/or silviculture, A), based on
landowner preference for each state (F, G, or A). A conceptual
diagram of the model is presented in Fig. 3 and the equations for
land-cover dynamics are

Fig. 2. Bistability in forest-grassland-agriculture system. (A) The image
depicts a natural mosaic in southern Brazil without human influence, where
dominant Araucaria forest (F) or dominant Campos grassland (G) are alter-
native stable states. (B) An example of bistability in a mosaic of natural for-
est (F) and natural grassland (G) with converted land (agriculture, A). The
alternative stable states are dominant converted land (agriculture and/or
silviculture, FGA) and dominant forest (FG).
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O = (P, G)FG —oF + J(a) F(1 ~ F)
—J(2g)FG — J(za) FA + af A, [1]
&% — oF — r(F, G)FG + J(2,)C(1 - G)
—J(z7)GF — J(za) GA + a4 A, [2]
% — J(z)A(L = A) — J(z1)AF

—J(29)AG — (ay + a4)A. [31

Parameter definitions and baseline values are provided in
Table S1. Landowner preferences are reflected by the quanti-
ties xy, x4, and x4, representing the proportion of the landowner
population preferring more forest (forest-preferrers), grassland
(grass-preferrers), and converted land (convert-preferrers) on
their property, respectively, compared with current land com-
position. In the fully coupled human-environment system, these
quantities become model variables (discussed in the next sec-
tion). Natural processes governing change in natural land cover
are the recruitment rate (r(F, G)) and natural disturbance rate
(v). Abandonment and reversion of plantation to forest cover
(ay) and crops to grassland (a,) occur at a constant rate. J(z;)
is the land conversion rate as a function of landowner prefer-
ences x; for each land-cover state, | = f, g, a. All land cover is
assumed to be composed of either forest, grassland, or converted
land (agriculture and/or silviculture), such that A + F + G = 1.
Therefore, A can be obtained from the relation A =1 — F — G,
and we only need to solve Egs. 1 and 2.

We use a sigmoidal function to represent the recruitment rate,
whereby recruitment of forest is high when F 2> 0.4 and low when
F £0.4 (11, 42). The function reflects a fire-limited recruitment
threshold where soil moisture also helps determine the thresh-
old. The recruitment function is parameterized using data on soil
moisture content (S) and natural land cover (F and G) (see SI
Materials and Methods for details):

r(F,G) = e

1 (L _ L) ’ (4]
1+ ew\F+c~05-5

The maximum recruitment rate, «, is limited by environmental
conditions and herbivory (43, 44). S represents the soil mois-
ture content of the region or land patch and its value is obtained
directly from empirical studies (45). ¢ controls the location of the
threshold in the recruitment function and its value is determined
by calibrating the model to published data on forest thresholds,

Fig. 3. Conceptual diagram. Land states in our study region include for-
est (F), grassland (G), or converted land (agriculture and/or silviculture,
A). Green arrows represent environmental drivers (natural disturbance (v),
recruitment (r(F, G)) (Eq. 4), and abandonment (af, ag) in Egs. 1-3. Black
arrows represent human influence, driven by landowner preference for each
state [J(x;,/ = f,g,a), Eq. 9], based on a valuation of penalties (ps, Eq. 8),
profits, and conservation values in Eqgs. 7 and 8.
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moisture availability and fuel load (40). w controls the steepness
of the recruitment curve.

Human Behavior Model. Conversion of rural land is greatly influ-
enced by values associated with the landscape (46). Human influ-
ence on land-cover dynamics (see below, Eq. 9) is modeled as a
function of landowner preferences for each land-cover state, (z;),
(see the previous subsection for a definition). Landowner prefer-
ences and parameterization of the human behavioral model are
gleaned from questionnaire responses (47); details are provided
in SI Materials and Methods The behavioral model equations are
given by

% = sxfﬂvg(Uf(F) — ug(G)) + sz (1 — 25 — )
(uf(F) — ua(1 — F — @), (51
% = sg27 (ug(G) — s (F)) + sz (1 — 2 — x)

(ug(G) —ua(1— F — G)). [6]

We note that 2, = 1 — 2y — 2,4, hence an equation for z, is
not needed. Also, we have used A = 1 — F — @G. s is the rate
at which landowners sample others and adopt their preference,
if the utility for changing preferences is higher. The values of F
and G are described as utilities via the term u;(j), where i = f, g
and j is the land-cover state F' or G. u;(j) reflects both economic
gains (p;) and rarity-based conservation (g¢;) according to

uz(j):qi(l—j)znj(ﬁ)upii(ljdp)k. [7]
k ) k }

=1 =1

Human behavior is in part driven by the perceived future gains
for their present actions (41, 47, 48), prompting the use of a dis-
count factor. d. is the economic discount rate (49, 50) and d.
is the conservation discount rate. We assume d. < d. (see SI
Materials and Methods for discussion and justification) (51, 52).
The discounting time horizon m and n are the amount of fore-
sight applied to decisions for economic and conservation utilities,
respectively (14, 53).

The decision to convert natural land into agriculture and/or
silviculture is determined by economic gains and compliance
with minimum natural vegetation requirements. The function
was parameterized using data on profits from crops (p..) and
plantations (p,;) and penalties (pg(F, G)) for not adhering to
BFC. The converted land utility is given by

ua(l —F - G) :pcrz (%de)k + Dpi *pB(F, G)

k=1
x(0.2—F — G) 8]

pe(F, @) is a piecewise function, such that when the legal
reserve requirements are met by landowners (F + G > 0.2)
there is no penalty, ps(F, G) = 0; otherwise pg(F, G), reflects
a monetary penalty, pp (see SI Materials and Methods for the
pe(F, G) equation). The method for discounting annual planta-
tion profits (pp;) is similar to p.r, ps and pg, although the profit
depends on the stage in the harvest rotation cycle and represents
a sum of gains and losses; full details are given in SI Materials and
Methods.

The diffusion of practices among individuals follows a sig-
moidal curve because the initial proportion of adopters is min-
imal but gradually gathers momentum as individuals imitate
others (54) (SI Materials and Methods). J(z;) represents land
conversion to F', G, or A:

J(xl) = 1+ e(g_ﬂ)/'f [9]
p is the maximum potential influence of landowners. X is the
threshold proportion of landowners preferring land cover F', G,

Henderson et al.
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Fig. 4. Base-case land composition. In the short term, our study region con-

tinues to exist in an unstable forest-grassland—converted land (FGA) state.
The proportion of forest (F), grassland (G), and converted land (agriculture
and/or silviculture, A) are determined by proportions of landowners prefer-
ring forest (x¢), grassland (xg), and converted land (x;). The preference is
driven by utility (i.e., conservation values and profits). Table S1 gives param-
eter values for the time series simulation.

or A for which land conversion, J(z;), is 0.5p, and 7 controls the
steepness of the curve.

Analysis. We construct parameter planes for conservation val-
ues (gr, qq), discount rates (d., d.), and discount time horizons
(m, n) to determine the land-state dynamical regimes for a range
of initial conditions after 1,000 y. Each simulation is run under
weak, moderate, and strong human influence, to show vary-
ing degrees of human—environment interactions. For details on
parameter ranges used in our base case (Sao Francisco de Paula)
see SI Materials and Methods. Model simulations use ode45 in
MATLAB (odel5s was used to check for consistency) (details
in Dataset S1). We use a burn-in time of 5,000 y to allow suf-
ficient time for damped oscillations to settle down to an equi-
librium state. After 5,000 y, model simulations indicate either
an equilibrium point or stable limit cycles. After burn-in, the
time series were used to confirm land-cover dynamics at vari-
ous points in the parameter planes and at the edges between
land states.

Results

Base Case. At base-case parameter values, in the short term
(100 y) the model predicts that land conversion will continue to
grow over the next 40y at the expense of forest (#') and grassland
(G) (Fig. 4). Converted land (A) increases to just above A = 0.8,
after which the compliance penalty (pg) and the rarity of natural
land motivates an increase in conservationist behavior and there-
fore a decrease in the value of A, below that of F' and G. As a
result, 7' and G eventually return to ~20% cover each, at which
point they are no longer perceived as rare or endangered and the
cycle continues. Interestingly, the increase in forest-preferrers
(z) is greater than the increase in grass-preferrers (z,) over
this period, despite F' being the least profitable land cover and
despite having the same initial cover. The large fluctuations in
zy are due to the negative feedback loop, which increases zr
when F becomes rare and forest conservation values (gr) are
high (Fig. 1B). The proportions of z, and z, are moderated by
their stable profits, so that their oscillations are less dramatic
than those of zs. Also, the amplitude of oscillations in zy and

Henderson et al.

Fig. 5. Increasing the grassland conservation value (q,) leads to land com-
positions with grassland (G), for all conservation values, except g, < 0.03
and gr < 0.09, for weak (A), moderate (B), and strong (C) human influ-
ence scenarios. Natural forests (F) rely on forest conservation values (g¢) to
increase the utility of F, and therefore g must be large enough to counter-
balance the utility of grassland (G) and converted land (agriculture and/or
silviculture, A). The small white x in B marks current conditions in our study
region of Sao Francisco de Paula.
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Fig. 6. Economic discount rates (de) six times greater than conservation dis-
count rates (dc) promote a natural composition, with forest and grassland
(FG), and Z—e < 6 results in dominant converted land (agriculture and/or silvi-
culture) cover (A or FGA), for weak (A), moderate (B), and strong (C) human
influence scenarios. Moderate human influence (B) has an additional region
of GA limit cycles when G has the highest utility. Weak human influence (A)
results in equilibrium states and FG for all possible discount rates, whereas
moderate (B) and strong (C) human influence scenarios result in limit cycles

14556 | www.pnas.org/cgi/doi/10.1073/pnas.1604987113

zg exceeds that of land cover (F, G), because social dynamics
occur at more rapid timescales than forest dynamics. In our ques-
tionnaire responses (47) we observe that landowner preference is
not always reflected in actual land use, but there is a correlation
between preference and actual land composition. To this effect,
F, G, and A shadow oscillations in zy, 2,4, and z,, following a
lag of 15 to 20 y (Fig. 4).

Changing Conservation Values. According to our base-case param-
eter values, the forest—grassland mosaic in southern Brazil cur-
rently exists in a region of parameter space where small changes
in conservation values ¢ and ¢, could lead the system into
various, dramatically different dynamical regimes (Fig. 5B).
Moreover, increasing the conservation value of forest (gf) has
less predictable consequences for forest cover (F') than increas-
ing the conservation value of grassland (g,) has on increasing
grassland cover (G) (Fig. 5). A larger increase in ¢y is required
to conserve forest than the increase in g, required to conserve
grassland. Under moderate and strong human influence, increas-
ing the conservation value of grassland beyond g, = 0.03 causes
a change from converted land (agriculture and/or silviculture, A)
to a state where G can coexist with A (and, in the case of weak
human influence, with F' as well). In the case of increasing gy,
there exists a critical threshold at ¢; = 0.09, below which F
is nonexistent (Fig. 5 B and C). Additional increases in ¢y can
actually result in the exclusion of F' (for moderate and strong
human influence). This occurs because extreme oscillations can
put the proportion of forest-preferrers () close to zero, risking
the extinction of this subpopulation. These dynamics exemplify
the law of unintended consequences.

Moreover, increasing ¢y can increase both natural states (F
and G), because increased utility for natural vegetation out-
weighs the utility from A. G is both profitable and culturally
significant, which increases the likelihood of the system’s being
in the G state (Fig. 5). In contrast, F' relies upon rarity-based
conservation feedbacks due to lack of profitability and there-
fore F' is more susceptible to temporal variability and the types
of dynamics observed in the parameter plane as ¢y increases.
Conservation values are not the sole factors maintaining natural
forest—grassland mosaic systems. Because utility is the dominant
force in the system, discount rates and discount time horizons
have an important role in determining vegetation cover, which
we will see in the next sections.

Changing Economic and Conservation Discount Rates. We find that
increasing economic discount rates (d.) can dampen oscilla-
tions and regenerate natural land cover, because future prof-
its from land conversion are not strongly influential (Fig. 6). In
contrast, low d. and very high conservation discount rates (d.)
increase the tendency of land cover toward converted land (agri-
culture and/or silviculture, A), because the long-term value from
conservation efforts is not strongly influential. Both d. and d.
are equally important in determining the land-cover dynamics.
The land cover depends on the ratio between d. and d.. When

% < 6, A dominates, otherwise the natural ecosystem mosaic
c

(FG) dominates. When % ~ 5, the land composition tends to
a combination of FG and A, cither as bistable states, in the
case of weak human influence (Fig. 64), or FF'GA limit cycles,
for strong and moderate human influence scenarios (Fig. 6 B
and C). Although d. is probably less than d., it is not clear on
which side of the threshold human populations fall. Moreover,
the discount time horizons (m, n) alter the threshold ratio for
discount rates.

and A only stable state. The small white x in B marks current conditions in
our study region of Sdo Francisco de Paula.
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Fig. 7. A conservation discount time horizon (n) less than 45 y promotes
a composition dominated by converted land (A or FGA), for weak (A),
moderate (B), and strong (C) human influence scenarios. Longer conserva-
tion time horizons promote natural land cover. Weak human influence (A)
results in equilibrium states and FG for all possible discount time horizons,
whereas moderate (B) and strong (C) human influence scenarios result in
limit cycles and a converted land (agriculture and/or silviculture) only sta-
ble state. Strong human influence has an additional region of bistability,

Henderson et al.

Changing Economic and Conservation Discounting Time Horizons.
Similar to discount rates, the inclusion of a long conservation
discount time horizon (large n) can maintain and improve nat-
ural land cover (Fig. 7). In addition, large n reintroduces bista-
bility for the strong human influence scenario (Fig. 7C). Instead
of being driven by recruitment, as in the natural mosaic with-
out converted land (agriculture and/or silviculture, A), n drives
changes in natural land through rarity-based decision making.
When F or G is rare, n increases the utility of F' and G above
that of A, which in turn increases the proportion of landown-
ers preferring natural land cover (zy, z,). Furthermore, when
human influence is strong, landowner preference is reflected
in land composition, thereby increasing the proportion of nat-
ural land. The discount time horizon for conservation (n) has
a much greater influence on land-cover dynamics than the eco-
nomic discount time horizon (m). More specifically, a conserva-
tion discount time horizon of at least 45 y is required to main-
tain natural states and n > 70 results in a system dominated by
natural mosaics (Fig. 7 A and C). The moderate human influ-
ence scenario is an exception, where high m and n values lead
to a proliferation in outcomes in the system (Fig. 7B; see also the
next section) whereby the initial conditions strongly influence the
land-cover stability dynamics for the moderate scenario. The sys-
tem can be driven by rarity, such that when initial F' is rare, F'G is
the resulting stable land cover and when G is rare, G is the result-
ing stable land cover. Alternatively, when rarity is not a concern
for landowners (Fo, Go > 0.3), the system can be driven by prof-
its, resulting in FGA or GA limit cycles, or recruitment dynamics,
resulting in alternating stable states, F'G and G, driven by the fire
threshold.

Extent of Human Influence. As mentioned previously, incorpo-
rating anthropogenic activity into a natural mosaic ecosystem
increases the long-term instability in the system by introducing
prolonged oscillatory cycles (Fig. 4). In the weak human influ-
ence scenario, natural processes counterbalance anthropogenic
activities, resulting in dominant natural land cover and the char-
acteristic bistable dynamics of natural forest—grassland mosaic
systems (FG), with the additional outcome of bistability with
converted land (FGA, Figs. 54, 64, and 74).

The most complex interactions occur in the moderate human
influence scenario, which allows feedbacks from both natural
processes (recruitment) and human values (land rarity, profits,
and environmental services) (Figs. 5B, 6B, and 7B), whereas the
strong human influence scenario is primarily driven by the costs
and benefits of human values, promoting the expansion of con-
verted land (agriculture and/or silviculture, A) and grassland (G)
(Figs. 5C, 6C, and 7C). Near base-case parameter values (for
slightly smaller conservation values, lower economic discount
rates/higher conservation discount rates, and a longer conser-
vation time horizon than the base case) there exists a stable A
state with minimal F' or G (Figs. 6 B and C and 7 B and C). In
such a state, abandonment (ay and a,) prevents either natural
ecosystem state (F or G) from complete extinction; however, we
interpret this dependence on transient abandonment processes
to signify that the natural land cover is relatively degraded.

Under moderate and strong human influence, the stable state
is A, and F occurs in less than 50% of parameter space (Figs.
5B and C, 6 B and C, and 7 B and C). Moderate and strong
human influence removes bistability from the forest—grassland
mosaic system (11), except for long conservation discount time
horizons (n) and short economic discount time horizons (m).
Instead, we find that human influence replaces bistability, the

composed of dominant forest or grassland only (F/G), driven by rarity. The
small white x in B marks current conditions in our study region of Sao
Francisco de Paula.
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existence of alternative stable states, with a stable state and an
alternative limit cycle or multiple alternative limit cycles. In the
strong human influence case, we exist near a threshold where a
slight change in parameter values can cause a slip into dominance
of A at the expense of F and G.

Discussion

Coupling human and environment models allows us to exam-
ine feedbacks between the two subsystems, resulting in dynam-
ics that cannot and often should not be studied in isolation,
especially for systems under threat by human activities, such as
mosaic ecosystems. Our simulations show how tightly these sys-
tems are coupled and how important feedbacks can be. As Stern
(15) states, “environmentally significant behavior is dauntingly
complex, both in its variety and in the causal influences on it.”
Dynamical system approaches using relatively simpler mathe-
matical models to complement detailed agent-based models—
such as the one we explored in this paper—can provide a
level of clarity regarding feedbacks and complex nonlinear pro-
cesses that is often harder to capture using agent-based models.
When data are available to parameterize such models, as in our
case study, models can provide insight and potentially lead to
policy changes.

Our analysis finds the southern Brazilian forest-grassland to
be in a region where many possibilities may unfold in the future.
For instance, a relatively small drop in forest conservation val-
ues could easily push the system into a region where forest and
possibly also grassland are lost.

The model predicts that current trends toward more con-
version of endangered land states to agriculture and silvicul-
ture can be mitigated through changes in attitude (valuation of
ecosystem services) and discounting conservation utilities less
than economic gains, but our results indicate that cultivating
a conservation mindset in the population requires moderate to
strong conservation values and long-term conservation foresight
(conservation discount time horizon), looking many decades into
the future. Our results also indicate that the effects of increasing
grassland conservation values are more straightforward than the
effects of increasing forest conservation values, due to the neces-
sity of rarity-based feedbacks in sustaining forests. Increasing for-
est conservation values can remove converted land (agriculture
and/or silviculture) from the forest—grassland mosaic, promot-
ing either forest or grassland states. Unlike grassland conser-
vation, forest conservation maintains alternative natural states
(e.g., grassland), by reducing the relative utility of converted
land. We can relate this finding back to BFC; the implied bias in
BFC toward forest valuation may not be as detrimental to other
natural vegetation types (grassland) as first thought, because, as
we show, the conservation of forests alone can promote alterna-
tive natural land cover (e.g., grassland) in mosaic ecosystems.

A recent theoretical model shows that strong human influence
precludes bistability in forest—grassland mosaic systems (11). We
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expanded on this previous work by including agriculture and sil-
viculture, as well as other realistic characteristics of human deci-
sion making, such as discounting. An unexpected result of includ-
ing discount time horizon (foresight) is the reintroduction of
forest—grassland bistability under strong human influence. In our
model, bistability is restored when individuals make decisions
with long-term conservation goals, but instead of being driven by
natural recruitment, the bistability is human-originated, accord-
ing to rarity of natural land. When conservation foresight is sig-
nificantly greater than economic foresight, landowner preference
for natural systems exceeds the preference for more profitable
land compositions. Furthermore, our assumption that landown-
ers use rarity-based conservation creates a threshold response in
natural land-cover stability—when initial forest cover is low, for-
est dominates and when initial grassland cover is low, grassland
dominates.

The introduction of utilities and landowner perceptions often
results in long-term, damped oscillations, suggesting that study-
ing transient states may be important (55). Moreover, increasing
conservation values would have a double benefit; this would not
only improve the utilities for future land states and thus increase
their average cover, it would also stabilize overall dynamics by
increasing the incremental difference between utilities. Improv-
ing parameter estimates is therefore a suitable avenue for future
work. As with any model, determining whether our predictions
are robust to our assumptions would require further empiri-
cal validation against other datasets and relaxing simplifying
assumptions through developing more complicated models, such
as including spatial structure and stochasticity. This is also a suit-
able avenue for future work.

The dominant paradigm of human—environment interactions
has been negative for most of human history, as we have already
noted in the Introduction. However, human-environment rela-
tionships are not unidirectional and our ability to adapt also
applies to our relationship with the environment. Assuming
the complete extinction of endangered ecosystems, such as
forest—grassland mosaics, based on past trends therefore neglects
an important aspect of human—-environment interactions and
assumes that humans are not able to adapt. Our research demon-
strates how nonlinear, coupled human-environment systems can
exhibit complex dynamics due to multiple interacting social and
natural feedbacks. The endpoints of such systems are not known,
but modeling can help us see what the outlines of such endpoints
might be. Empirically grounded simulation models such as we
have developed here may be useful for guiding future land use
and conservation policies.
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