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Previous ecological models for disturbance from energetic perspectives have focused on destructive
pulses by which storages in a system are quickly drained during disturbance events and recovered
thereafter. However, considering the wide range of disturbance intensities, frequencies, and durations
in nature, disturbance effects on ecosystem energetics would be better understood by diversifying the
disturbance effects on specific system configurations or energy pathways. Based on two hypotheses,
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patterns of gross primary productivity (GPP) during the disturbance and post-disturbance periods under
the diverse scenarios of disturbance effects on the intrinsic rates. Simulation results confirmed that
the second hypothesis (i.e., disturbance threshold) was essential to achieve a U-shaped or peaked
disturbance-productivity relationship. We evaluated the models by comparing them with the results
of the microcosm tests, and suggested possible mechanisms of the variable disturbance-productivity
relationships by varying parameters related to the disturbance effects on the intrinsic rates and the
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1. Introduction

Natural disturbance is a major source of ecosystem dynamics
and heterogeneity (Sousa, 1984). For several decades, discussion of
ecological disturbance has centered on the relationship between
disturbance and species diversity. As an example, the Intermedi-
ate Disturbance Hypothesis (Connell, 1978; Grime, 1973; Roxburgh
et al., 2004) has been controversial among ecologists as a core
concept that explains the unimodal disturbance-diversity relation-
ship. Recent studies have suggested variable disturbance-diversity
relationships (Mackey and Currie, 2001) or further emphasized
interactions between productivity and disturbance for species
diversity (Haddad et al., 2008; Kondoh, 2001). However, dis-
turbance may directly influence ecosystem productivity, which
is rarely explored compared with the disturbance-diversity or
diversity-productivity relationship. Despite the recent efforts to
investigate the relationship among disturbance, diversity, and pro-
ductivity (e.g., Cardinale et al., 2005), an energetic perspective has
rarely been considered in the study of disturbance-productivity
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relationship. Sprugel (1985) pointed out that the scarcity of
productivity-related disturbance studies is due to less prominent
change of energetic parameters under disturbances and the diffi-
culty of measuring these parameters.

Previous ecological models of disturbance from energetic per-
spectives have primarily focused on destructive pulses (Odum and
Odum, 2000b; Reiners, 1983). In these destructive pulse models,
disturbances quickly drain storages in a system and the system
gradually rebuilds the storages after the disturbances (Fig. 1).
Considering the wide range of disturbance regimes (intensity, fre-
quency, and duration) in nature, disturbance effects on ecosystem
energetics would be better understood by modeling potentially
diverse disturbance effects on specific configurations or energy
pathways of a system.

Recent studies on regime shift of ecosystems have suggested
that many ecosystems have thresholds where an ecosystem qual-
ity abruptly changes (Carpenter et al., 2011; Scheffer et al., 2001).
Scheffer et al. (2001) proposed in the alternative stable state
hypothesis that an ecosystem changes to an alternative stable state
when a disturbance regime exceeds a certain threshold and the
threshold may be further altered by external perturbation. In envi-
ronmental management, it is critical to identify a threshold for
regime shift (Groffman et al., 2006).
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Fig. 1. Energy systems diagram and simulation results of a destructive pulse model
(Odum and Odum, 2000b).

Ecosystem modeling based on hypotheses is used as a useful tool
to identify critical aspects of ecosystems and understand complex
ecosystem dynamics (e.g., Montague et al., 2001). Hypothesis-
driven ecological models are partially validated by empirical tests.
Because hypotheses cannot be proven but can only be disproven by
validation (Rykiel, 1996), however, an alternative hypothesis may
exist even if modeling and experimental results are consistent.

In this study, we built simulation models for the variable
disturbance-productivity relationships observed in a microcosm
study (Lee and Brown, 2011) under different hypotheses of the
mechanisms of disturbance interaction. We show that the vari-
able productivity response to disturbance can be attributed to
disturbance effects on different energy pathways and we con-
firm the existence of a disturbance threshold, where system
energy flow patterns abruptly change, leading to the peaked or
U-shaped disturbance-productivity relationship. Finally, we syn-
thesize the results of the microcosm tests and simulation models
to evaluate the models and suggest hypothetic mechanisms of the
five disturbance-productivity relationships: monotonic increase,
monotonic decrease, peaked, U-shaped, and non-significant as
defined by Mackey and Currie (2001).

2. Materials and methods
2.1. Microcosm tests

We tested the relationships between disturbance and gross
primary productivity (GPP) in 14 freshwater aquatic microcosms
constructed using water and sediment collected as a whole
from lakes in Florida (Table 1). We divided a glass open-top
microcosm tank (60 cm x 60 cm x 38 cm) into four equal sections
(sub-microcosms) and applied a distinct pump-induced water
motion disturbance regime in each sub-microcosm. We varied
either intensity or frequency of disturbance in each microcosm test
(Table 1). The microcosms were tested under an alternating flu-
orescent light regime (12 h light, 12 h darkness) and no nutrient
subsidy was added. Ambient conditions (e.g., temperature) were
maintained constant. By monitoring pH and alkalinity (Skirrow,
1965; Smith, 1973), we established a disturbance-GPP relationship

Table 1
Test plans and regimes for the 14 microcosms.

Microcosm? Sample lake Test plan® (days) Test regime
mNI5-10 Newnan 5-10-15 Intensity
mNI20-10 Newnan 20-10-15 Intensity
mAI5-10 Alice 5-10-15 Intensity
mAI20-10 Alice 20-10-15 Intensity
SI1-5 Santa Fe 1-5-15 Intensity
SF1-5 Santa Fe 1-5-15 Frequency
WI1-5 Wauberg 1-5-15 Intensity
WF1-5 Wauberg 1-5-15 Frequency
0OI5-10 Orange 5-10-15 Intensity
OF5-5 Orange 5-5-15 Frequency
Al5-5 Alice 5-5-15 Intensity
AF5-5 Alice 5-5-15 Frequency
NI5-5 Newnan 5-5-15 Intensity
NF5-5 Newnan 5-5-15 Frequency

2 Each pair of microcosms (e.g., mNI5-10 & mNI20-10, mAI5-10 & mAI20-10, etc.)
was constructed using the same sample of water and sediment.

b Test plan is in the order of the three periods: (initial
stabilization)—-(disturbance)-(post-disturbance). Initial stabilization: the four
sections in a microcosm were replicated by cross seeding. Disturbance: water
motion disturbances were applied according to the designated disturbance regimes.
Post-disturbance: microcosms were not altered or manipulated except to take
measurements and to add make-up water.

from each microcosm test. The details of the microcosm study are
summarized in Lee and Brown (2011).

2.2. Simulation models

2.2.1. Basic microcosm model and parameterization

A conceptual macroscopic model of a freshwater aquatic micro-
cosm was built with flows of energy (carbon) and recycling of
nutrient among the three functional groups: producers, consumers,
and decomposers (Fig. 2). Light was the only energy source flowing
into the microcosm. The modeled microcosm was assumed to be
phosphorus (P) limited so that P was modeled as the nutrient of
interest. Producers and consumers were assumed to reproduce by
first-order autocatalytic feedback controls (Odum, 1994a). Organic
matter from dead producers and consumers was decomposed and
recycled by decomposers. Production functions in the model were
written as multiplications of contributing state variables and coef-
ficients based on Holling’s type I functional response (Table 2).
For numerical simulation, flows and storages of energy and nutri-
ents were estimated from relevant literature or the microcosm
tests under the steady-state assumption of the variables (produc-
ers, consumers, dead organic matter, nutrient, and GPP), and the
coefficients for the production functions were back-calculated to
satisfy the production functions and the steady-state values as
suggested by Odum and Odum (2000a) (Table 3). This basic steady-
state microcosm model without disturbance factors was simulated
in5 minintervals (dt =5 min) for 50 days (14,400 time steps) using R
(available at the R Project for Statistical Computing, http://www.r-
project.org/) to verify the steady state of the variables.

2.2.2. Hypotheses on the mechanisms of disturbance-
productivity relationships

We hypothesized two mechanisms of disturbance effects on
system-level productivity by interpreting recent studies on dis-
turbance from energetic perspectives. First, a disturbance alters
characteristics of energy flow pathways in an ecosystem by filter-
ing out certain species groups according to the type of disturbance
and regime (Helmus et al., 2010). The altered characteristics may
include configurations or intrinsic flow rates of energy pathways
among functional species groups. Second, the alternative stable
state hypothesis (Scheffer et al., 2001) proposes the existence of
a disturbance threshold that determines a range of disturbance
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Fig. 2. Energy systems diagram of the basic aquatic microcosm model without disturbance (Pro, producers; Con, consumers; Nut, nutrients; Prop, dead organic matter of

producers; Conp, dead organic matter of consumers).

intensities causing abrupt changes to the characteristics of the
energy pathways. The threshold is likely to be determined by vul-
nerability of an ecosystem under the influence of a disturbance (see
the definition of disturbance severity in Sousa, 1984).

2.2.3. Embodying disturbances in the model

We embodied disturbance factors in the basic steady-state sim-
ulation model using the hypothetic mechanisms of disturbance
effects on energy flows of the microcosm. First, disturbances alter
the intrinsic rates of energy flows, which are represented by
the coefficients (c;) of the production functions. We established
the equations for the changing coefficients under disturbances
(Table 4). We assumed disturbances always increase the intrin-
sic rates of the density-dependent death pathways of producers
(cg) and consumers (c7) but may increase, decrease, or not affect
those of the net reproduction pathways of producers (¢ — c3) and
consumers (c4 —c5) depending on the traits of microcosm sam-
ples, such as species’ compositions, interactions, and life histories
(Sousa, 1980). Second, the changing patterns of the coefficients are
dependent on a threshold of disturbance intensity. For this sec-
ond hypothesis, we assumed the intrinsic rates of the energy flow
pathways (¢, —¢3, ¢4 —C5, Cg, €7) change temporarily during dis-
turbances and return to initial states when disturbance intensity

is below a threshold, whereas they change permanently above the
threshold (Table 4).

As represented in the equations in Table 4, we assigned the unit
disturbance factors, fyg and fg,, which indicate percent change of
each coefficient per unit time (5min) by disturbances. Thus the
unit disturbance factors imply vulnerability of the intrinsic rate of
a pathway to disturbance. If a certain system’s energy pathways
are altered more than another system’s under the same disturbance
regime, the former will have higher unit disturbance factors. In each
simulation for distinct disturbance effects on c; —c3 and c4 —cs,
values of fy and fy, were selected on a 5 min basis.

2.2.4. Disturbance regimes

We followed the concept of intensity, frequency, and duration of
disturbance defined by Shea et al. (2004). As in the microcosm tests,
we varied either intensity or frequency of disturbances as a gradient
of disturbance regimes in the simulation models (Table 5). The same
disturbance frequencies and durations as in the microcosm tests
were applied to the simulation models. Disturbances were applied
for 10 days (Day 20-29) in the intensity-varied tests and 5 days
(Day 20-24) in the frequency-varied tests of simulation models.

Table 2
Equations of the basic steady-state model for the microcosm.
Equation Description Unit
L=0(6pm-6am)/45 (6 am-6 pm) Fluorescent light energy mmol x m~2 (5min)~!
R=0.1L Remaining light not involved in reproduction mmol x m~2 (5min)~
mmol x m~2 (5min)~!

J1=c1-R-Nut-Pro

Rate of incoming light energy for primary production

J2 =c2-R-Nut-Pro Reproduction rate of producers (GPP) mg-C (5min)~!
J3=c3-R-Nut-Pro Energy consumption rate of producers for autocatalytic production mg-C (5min)~!
Ja=c4-Pro-Con Reproduction rate of consumers mg-C (5min)~!
J5 =cs5-Pro-Con Energy consumption rate of consumers for autocatalytic production mg-C (5min)~!
Js =cg-Pro Death rate of producers (density dependent) mg-C (5min)~!
J7=c7-Con Death rate of consumers (density dependent) mg-C (5min)~!
Js =cg-Prop Release rate of decomposed organic matter from producers mg-C (5min)~!
Jo =cg-Conp Release rate of decomposed organic matter from consumers mg-C (5min)~!
d(Pro)/dt=J> —J3 —Ja —Js Change of storage of producers mg-C (5min)~!
d(Con)/dt=J4 —J5 —J7 Change of storage of consumers mg-C (5min)~!
d(Prop)/dt=Js —]Js Change of storage of dead organic matter from producers mg-C (5min)~!
d(Conp)/dt=]; —Jo Change of storage of dead organic matter from consumers mg-C (5min)~!
aNut=TN — fp (Pro+Prop) — fc (Con+Conp) Nutrient (P) in the water column mg-P

2 Nut indicates available phosphorus concentration in the water column, while TN is total phosphorus in the microcosm system. fp and fc indicate phosphorus/carbon in

producers and consumers, respectively.
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Table 3
Steady-state values of the variables and coefficients of the basic steady-state model for the 30 L microcosm.
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Variable Value Unit Steady-state flow Meaning Source references
Pro 72 mg-C - Producers Wetzel (2001)?
Con 270 mg-C - Consumers Wetzel (2001)?
Prop 72 mg-C - Dead organic matter of Producers Rodgers and DePinto (1983)®
Conp 72 mg-C - Dead organic matter of Consumers Estimate from Prop
Nut 3.85 mg-P - Water column P (Phosphorus) Florida LAKEWATCH (2005)¢
c1 3.25x 1072 (mg-P x mg-C)~! 40.5 Ratio of incoming to remaining light Estimate
per nutrient per producers
C2 2.00 x 10~4 m? (mmol x mg-P)~! 0.25 Producers’ reproducing proportion per Microcosm M1-A
light energy per nutrient
c3 6.01x 1073 m? (mmol x mg-P)~! 0.075 Producers’ consuming proportion per Estimate from Lindeman (1942)4
light energy per nutrient
[ 321x10°¢ (mg-C x 5min)~! 0.0625 Consumers’ reproducing proportion Estimate®
per producers
Cs 1.93x10°6 (mg-C x 5min)~! 0.0375 Consumers’ consuming proportion per Estimate from Lindeman (1942)¢
producers
Co 347 x 104 (5min)~! 0.025 Specific rate of death of producers Steady state
c7 9.26 x 107> (5min)~! 0.025 Specific rate of death of consumers Steady state
Cg 347 x 1074 (5min)-! 0.025 Specific rate of decomposition of dead Steady state
producers
Cy 347 x 104 (5min)~! 0.025 Specific rate of decomposition of dead Steady state
consumers
fr 0.025 - - Phosphorus/Carbon (P/C) in Pro and Redfield ratiof
Prop
fc 0.025 - - Phosphorus/Carbon (P/C) in Con and Estimate

COHD

2 The storages of producers and consumers were calculated based on the two day and 15 day turnover rates, respectively.

b Ten-day turnover rate for decomposition.

¢ Water column P was assumed to be 128 pg/L (Newnan’s Lake).

d J3 was assumed to be 30% of J, (considering a new container environment that species need to adapt to, we assumed a higher percentage than the one Lindeman
suggested). Js was assumed to be 60% of J; (a higher percentage was assumed with the same reason for J3).

¢ Half of GPP (J»).

f Mass ratio of C/P=41 from Redfield ratio of C:N:P=106:16:1.

Table 4

Equations for the new coefficients under disturbances.
New coefficient p <threshold p > threshold

Disturbed? Undisturbed? Disturbed? Undisturbed?

(c2—c3), (1+a-pfa) (c2—c3)° (c2—c3) (1 +a-pfanT) (c2 — c3)° (c2—c3)q
(ca—cs), (1+e-pfa) (ca—cs)° (ca—cs) (1+a-pfan-T) (ca —c5)° (ca—c5)'¢q
(ce)e (1+p-far) (ce) (cs) (1+p-fan-T) (ce) (c6)e-1
(c7)'s (1+pfar) (c7) (c7) (1+p-fan-T) (c7) (c7)e4

2 “Disturbed” indicates only the time water motion disturbances operate in a microcosm, while “Undisturbed” means the rest of the experimental period.

b =1 (positive effect), ®=—1 (negative effect), or =0 (no effect) depending on the designated disturbance effects on the intrinsic rates of the pathways. (¢;) is the
coefficient, (¢;), is the new coefficient at time ¢, p is the disturbance intensity, fy is the unit (5min) disturbance factor at p < threshold, fyy, is the unit (5 min) disturbance
factor at p > threshold, and T is the total duration of disturbances until t (T=1 for 5min). In simulations, the time interval of 1 is equivalent to 5 min.

Table 5
Disturbance regimes applied to intensity- or frequency-varied tests in simulation models.

Disturbance regime # Intensity? Frequency (h) Duration® (h) Total energy®
Intensity-varied tests (Day 20-29)

0 0 - - 0
1 1 24 14 10
2 2 24 14 20
3 3 24 14 30
4 4 24 14 40
Frequency-varied tests (Day 20-24)

0 0 - - 0
1 1 Continuous 105 105
2 7 4 0.5¢ 105
3 7 8 1f 105
4 7 24 38 105
2 In the microcosm tests, intensity was defined as a dimensionless value by eliminating the unit (ml/s) from the outflow rate of a pump.

b

@ - ® 2 on

Per each disturbance event.

Calculated by multiplying intensity (power) and total duration (time) of disturbances as a dimensionless value.

11:00-12:00.

2:00-2:30, 6:00-6:30, 10:00-10:30, 14:00-14:30, 18:00-18:30, and 22:00-22:30.
2:00-3:00, 10:00-11:00, and 18:00-19:00.

10:00-13:00.
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Fig. 3. Simulation results of the basic steady-state microcosm model showing GPP and the five state variables: Pro, producers; Con, consumers; Nut, nutrients; Prop, dead
organic matter of producers; and Conp, dead organic matter of consumers. (GPP was calculated by averaging all GPP values in each day.)

2.2.5. Model output and manipulation of disturbance parameters

Model output was a GPP time series from which we calculated
average GPP (Mgpp) of the disturbance and post-disturbance peri-
ods (15 days after disturbance). Using the disturbance—productivity
relationships found in the microcosm tests, we developed
approximate models of the disturbance-Mgpp relationships by
manipulating the disturbance-related parameters in each simu-
lation. We varied the disturbance-related parameters, such as fy,
fan, disturbance threshold, and disturbance effects on ¢, —c3 and
c4 — C5, to examine how they influence patterns of the GPP time
series. Manipulation of disturbance-related parameters (i.e., fg,
fan, disturbance threshold, and disturbance effects on ¢, —c3 and
c4 — Cc5)and observation of the resulting disturbance-Mgpp relation-
ships, lead to hypotheses regarding the mechanisms of disturbance
influence on systems.

3. Results
3.1. Basic steady-state model

The basic steady-state microcosm model was simulated for 50
days (Fig. 3). The time interval of simulation (dt=5 min) was small
enough not to change the simulation results with a smaller dt. The
state variables of GPP, Pro, Con, and Nut leveled off after the approx-
imate initial transient time of 10 days. This initial transient time
was necessary to achieve the steady state of the state variables
because the selection of decimal places in the coefficients limited
the accuracy of coefficient values for steady states during the initial
transient time.

3.2. Effects of disturbance parameters

We examined GPP time series patterns by varying nine com-
binations of disturbance effects on the intrinsic rates of the

net reproduction pathways of producers (c; —c3) and consumers
(c4 — c5) for the intensity- and frequency-varied disturbance tests
under disturbance intensities below and above a threshold (Fig. 4).
Increasing or decreasing patterns of GPP time series during the
disturbance or post-disturbance period were variable depending
on the combination of disturbance effects on c; —c3 and ¢4 —cs.
Some combinations of disturbance effects on ¢, —c3 and ¢4 —c5
represented similar GPP time series patterns. For example, GPP
time series patterns were similar when disturbance decreases or
does not affect ¢, —c3 if disturbance increases c4 —c5 (i.e., (—,+)
and (0,+)). Disturbance effects on ¢; — c3 and ¢4 — ¢5 causing similar
patterns of GPP time series were grouped together (Fig. 4).

The second hypothesis (i.e., disturbance threshold) was nec-
essary to generate Mgpp—disturbance relationships other than
monotonic increase or decrease as exemplified in Fig. 5. In Fig. 5c,
a U-shaped disturbance-Mgpp relationship was possible when a
threshold of disturbance intensity is in-between the maximum and
minimum intensities with proper fy; and fg, values. Under a des-
ignated combination of disturbance effects on ¢; —c3 and ¢4 — cs,
an increase of the disturbance intensity (p) maintained patterns
of GPP time series but increased the distance of GPP from a ref-
erence GPP as in Fig. 5a and b. Thus, in the example of Fig. 5, the
disturbance-Mgpp relationship was a monotonic decrease (Fig. 5a
and b) when the disturbance thresholds were out of the tested
disturbance intensity range (0 or 5).

3.3. Results of microcosms and simulation models

Fig. 6 shows graphs of Mgpp of the microcosm studies (mNI5-10
though NF5-5) and simulation results of the macroscopic mini-
model of disturbance (MI1 through MF5). The simulation results
were matched with the microcosm results based on overall sim-
ilarities of model response during the disturbance and during
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Fig. 4. Simulated patterns of GPP time series under different disturbance effects on the intrinsic rates of the reproduction pathways. (The horizontal lines indicate the
reference GPP at disturbance intensity 0. The signs for (c2 — c¢3) and (¢4 — ¢5) indicate disturbance effects on the intrinsic rates of the net reproduction pathways for producers
and consumers: increasing (+), decreasing (—), or no effect (0). In the first column of graphs, the disturbance is assumed less than the threshold and therefore coefficients are
reset to pre-disturbance values. In the second column the disturbance is assumed greater than the threshold and therefore coefficients are not reset.)

the post-disturbance period. By matching the simulation outputs
we then provide possible mechanisms (i.e., disturbance threshold,
fai» fan, disturbance effects on c; —c3 and ¢4 — ¢5) for microcosm
response to disturbance. Nine combinations of disturbance param-
eters under the intensity regime yielded simulation results similar
to those of the microcosms (Fig. 6a), while three combinations of
the disturbance parameters under the frequency regime yielded
similar simulation results (Fig. 6b). We represented Mgpp versus
disturbance frequency regime with bar graphs in Fig. 6b because
frequency regimes are categorical data. The y-axis values in the
simulation results (MI1 through MF5) do not agree with those
in the microcosms (mNI5-10 through NF5-5) because the basic
simulation model was built with parameters referred from liter-
ature, microcosm, or our estimation. We defined the similarity
between the results of microcosm and simulation model by the

five Mgpp—disturbance relationships (monotonic increase, mono-
tonic decrease, U-shaped, peaked, non-significant). By applying
the second hypothesis on disturbance threshold, we simulated
U-shaped (MI2, MI7, MI8) or peaked (MI9) M¢pp-disturbance rela-
tionships during the post-disturbance (Fig. 6a). We also simulated
Mgpp—disturbance relationships resulted from the microcosms dur-
ing both the disturbance and post-disturbance periods with the
parameters we selected in each microcosm simulation. The sim-
ulation result of MF3, MF4, and MF5 in Fig. 6b shows the similar
Mgpp-disturbance relationship to OF5-5, AF5-5, and NF5-5, where
the Mgpp values of the discretely disturbed systems are higher than
those of the continuously disturbed system under the same total
disturbance energy, although the simulation result could not rep-
resent the Mgpp rank among the frequency regimes 2, 3, and 4 in
OF5-5, AF5-5, and NF5-5.
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Fig. 5. An example showing the necessity of a disturbance threshold for disturbance-Mgpp relationships other than monotonic increase or decrease. (Simulation of the
intensity-varied test, disturbance during Day 20-29, post-disturbance during Day 30-44, disturbance effect on (¢, — c3, ¢4 — ¢5) =(+,+) at both p < threshold and p > threshold,

fa1=0.4, fgn =0.0001). (a) threshold =5, (b) threshold =0, and (c) threshold =4.

4. Discussion

The variable disturbance-Mgpp relationships resulted from the
microcosms under different initial samples but the same input
sequence of disturbance regimes and test plans. Those variable rela-
tionships may imply that components of a microcosm and their
interactions are characterized by unique energy flow pathways and
that disturbance alters GPP patterns by differentially influencing
these pathways. If so, GPP patterns will be determined by specific
effects of disturbances on different energy flow pathways. We spec-
ulated that the energy flow pathways between functional groups in
our microcosms had intrinsic rates and that disturbance can alter
those rates. From this perspective, we established the isomorphism
between the change of coefficients in the simulation models and the
change of intrinsic rates of energy flow pathways in the microcosms
under the suite of disturbances.

4.1. Mechanisms for the disturbance-productivity relationships
We suggested possible mechanisms for the disturbance-

productivity relationship of each microcosm test using the dis-
turbance parameters assigned for each simulation model by

choosing the simulation results that best matched the microcosm
behavior during and after disturbance (Fig. 6). For example, sug-
gested mechanisms for the changes in Mgpp of NI5-5 was that
disturbance intensities 0, 28, and 50 did not affect the intrinsic
rate of net reproduction pathways of producers but decreased
that of consumers (see the disturbance factors of MI9 in Fig. 6a).
Disturbance intensity 62 increased the intrinsic rate of repro-
duction of producers but decreased that of consumers (also
see the disturbance factors of MI9 in Fig. 6a). In NI5-5, dis-
turbance threshold would be between disturbance intensities of
50 and 62.

A meaningful result from the simulation study is that an ecosys-
tem’s response in GPP to disturbance may be variable depending
on how a specific disturbance affects intrinsic rates of diverse
pathways. From the analyses of GPP patterns under disturbance
(Fig. 4), we identified that the negative effects of disturbance
on the intrinsic rates of the net reproduction pathways of both
producers and consumers decreased GPP during the disturbance
period but ultimately increased GPP during the post-disturbance
period as simulated by Odum and Odum (2000b). On the other
hand, the positive effects of disturbance on the intrinsic rates of
the net reproduction pathways of both producers and consumers
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Fig. 6. Comparison of disturbance-Mgpp models between the results of microcosm tests and simulation models (a) Intensity-varied tests. Upper: microcosm tests (mNI5-10

through NI5-5), lower: simulation models (MI1 through MI9). MI1: 4, 0.1, 0.0001, (0,—

)/(0,-) (in the order of disturbance threshold, fy, fan, disturbance effects on (c; —c3,

¢4 —Cs5) at p <threshold/at p > threshold). MI2: 4, 0.1, 0.00001, (+,—)/(+,—). MI3: 3, 0.3, 0.00012, (+,+)/(+,+). Ml4: 3, 0.4, 0.0001, (—,—)/(—,—). MI5: 3, 0.4, 0.00008, (+,+)/(+,+).
MI6: 3, 0.4, 0.0002, (+,0)/(+,0). MI7: 4, 0.4, 0.0001, (+,+)/(+,+). MI8: 3, 0.3, 0.00005, (+,—)/(+,—). MI9: 4, 0.3, 0.00015, (0,—)/(+,—). (b) Frequency-varied tests. Upper: microcosm
tests (SF1-5 through NF5-5), lower: simulation models (MF1 through MF5). MF1: 2, 0.1, 0.00008, (—,—-)/(—,—). MF2: 2, 0.02, 0.0001, (—,+)/(+,0). MF3, MF4, MF5: 2, 0.02, 0.0001,

(0,-)/(0,-).

decreased GPP through the disturbance and post-disturbance
periods. In this regard, our disturbance simulation models pro-
vided new insights into variable mechanisms of disturbance in
ecosystems.

The response of the simulation model under intensity-varied
and frequency-varied simulations was similar (Fig. 4) suggesting
that the model was less sensitive to these parameters and changes
in behavior were dominated by disturbance effects on intrinsic
rates of net reproduction. The various GPP time series patterns
(Fig. 4) show why disturbance study needs to be considered from
an energetic perspective by assigning possible specific effects of a
disturbance on different energy pathways. The second hypothesis
related to disturbance threshold was critical to generate a U-shaped
or peaked disturbance-productivity relationship as exemplified in
Fig. 5c¢.

4.2. Long-term simulation

The patterns of GPP time series show the disturbance-Mgpp rela-
tionship is dependent on the length of the post-disturbance period
(Fig. 4). When disturbance intensity (p) is lower than a threshold,
we expect GPP to eventually approach a reference state as ecosys-
tems generally return to their reference states following weak
disturbances. Thus disturbance effects on productivity will grad-
ually fade out as the post-disturbance period is elongated. When
disturbance intensity (p) is higher than a threshold, productivity
will diverge from a reference state as the post-disturbance period
is elongated. In a real ecosystem, however, it is difficult to expect
long-term response of the system to disturbances because other
endogenous or exogenous factors than the disturbances may con-
tinuously influence the trajectory of succession of the system over
time (Connell and Slatyer, 1977; Turner et al., 1998).

4.3. Inconsistencies between the results of microcosms and
simulation models

We identified a few inconsistencies in the disturbance-Mgpp
relationships between the results of microcosms and simulation
models (Fig. 6). When disturbance intensity was higher than a
threshold, the simulation models failed to generate a decreasing
Mgpp pattern above a reference GPP or an increasing Mcgpp pattern
below the reference GPP with increasing disturbance intensity. If
the model is correct, however, we may need to extend the range
of disturbance intensity in the microcosm tests. That is, intensity
4 of the simulation models may be higher than intensity 62 of the
microcosm tests. The simulation models of OF5-5, AF5-5, and NF5-5
failed to generate the different Mgpp levels among the three dis-
crete disturbance regimes (regimes 2, 3, and 4). A more detailed
model may be needed to improve the monotonically increasing or
decreasing Mcpp patterns with the gradient of disturbance regimes.

Unlike the microcosm tests, the simulation models generated
the same Mcgpp at disturbance intensity 0 between the disturbance
and post-disturbance periods because they were built under the
steady-state assumption. In the simulation models, we assumed
the steady state of the state variables to clearly compare GPP lev-
els and time series patterns under different disturbance regimes.
In the microcosms where ambient conditions (e.g., temperature)
were maintained constant, however, the time series of GPP under
disturbance intensity O rarely leveled off as GPP generally oscillated
over time.

The Mgpp values were not the same between the microcosms
and simulation models because the parameters and configurations
of the basic model do not agree with those of each microcosm.
While a certain variable such as the steady-state value of GPP was
estimated from microcosm mNI5-10, we obtained other param-
eter values from the relevant literature or our experience. In the
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simulation model study, we focused more on the patterns of the
variable disturbance-productivity relationships than the exact rep-
resentation of the microcosm results.

4.4. Challenges of the simulation models

We identified several challenges of the simulation models in
resolving the inconsistencies between the results of the models and
microcosms. First, the alternative stable state hypothesis (Scheffer
et al., 2001) suggests that a threshold of disturbance may change
over time as a result of interactions between disturbances and a
microcosm. Depending on resilience of a microcosm in a given
sequence of disturbance regimes, the threshold will dynamically
change. The challenge is that resilience of the microcosm may be
altered after a disturbance event so that it is difficult to determine
the trajectory of dynamic thresholds in a simulation model. Second,
the current simulation models represent a static system configu-
ration over time. In ecosystems or microcosms, biotic and abiotic
components self-organize to build complex system structures over
time (Levin, 2005; Odum, 1988). We face the challenge of how to
represent the emerging or disappearing energy pathways and time-
dependent complexity of the network among the functional species
groups. Finally, we did not consider change in the configuration of
the energy pathways by disturbances in the model. Under a severe
disturbance, we might expect the configuration of the energy net-
work to change. In addition, systems may adapt to the disturbed and
undisturbed environments by flip—flop action (Odum, 1994b). Yet
the network configuration and short temporal scale in our macro-
scopic mini-model did not have the capacity to change. If a more
detailed model is built in the future, the change of network con-
figurations as well as that of pathway characteristics should be
considered.

4.5. Definition of disturbance from an energetic perspective

We may need another definition of disturbance applicable to the
energetic perspective we discussed in this study. The most com-
mon definitions of disturbance earlier proposed by Sousa (1984)
and White and Pickett (1985) show that current ecologists implic-
itly agree that a disturbance is a discrete damage that creates new
opportunities for new individuals. Because damage of individu-
als or communities results in the change of energy configurations
or characteristics of pathways, we may define disturbance as an
external energy source that partially or collectively alters a sys-
tem’s energy configurations or characteristics of pathways in an
unprecedented way.

5. Conclusions

We built simulation models of variable disturbance-
productivity relationships observed in a freshwater aquatic micro-
cosm study using two hypotheses related to energy pathways and
disturbance thresholds. The first hypothesis stated that disturbance
differentially affects intrinsic rates of energy flow on pathways of
exchange between system components and that depending on the
configuration of the system, response during and following distur-
bance is the result of changes in these rates. The second hypothesis
stated that there are resilience thresholds which if exceeded result
in permanent changes to intrinsic rates of energy flow on system
pathways. Simulation of GPP based on the first hypothesis showed
that GPP patterns of the disturbance and post-disturbance periods
are determined by disturbance effects on the intrinsic rates of
the net reproduction pathways of producers and consumers. The
second hypothesis on the disturbance threshold was essential to

explain a U-shaped or peaked disturbance-productivity relation-
ship. Although the simulation models represented a freshwater
aquatic microcosm under various disturbance regimes, they
may also be applicable to many ecosystems and disturbance
types by correcting critical energy pathways and their parameter
values.

References

Cardinale, B.J., Palmer, M.A,, Ives, AR, Brooks, S.S., 2005. Diversity—productivity rela-
tionships in streams vary as a function of the natural disturbance regime. Ecology
86, 716-726.

Carpenter, S.R, Cole, JJ., Pace, M.L, Batt, R., Brock, W.A,, Cline, T., Coloso, ].,
Hodgson, J.R,, Kitchell, J.F., Seekell, D.A., Smith, L., Weidel, B., 2011. Early warn-
ings of regime shifts: a whole-ecosystem experiment. Science 332, 1079-1082.

Connell, J.H., 1978. Diversity in tropical rain forests and coral reefs: high diversity
of trees and corals is maintained only in a nonequilibrium state. Science 199,
1302-1310.

Connell, J.H., Slatyer, R.O., 1977. Mechanisms of succession in natural commu-
nities and their role in community stability and organization. Am. Nat. 111,
1119-1144.

Florida LAKEWATCH, 2005. Florida LAKEWATCH Annual Data Summaries 2004.
Department of Fisheries and Aquatic Sciences, University of Florida/Institute
of Food and Agricultural Sciences Library, Gainesville, FL.

Grime, ].P., 1973. Competitive exclusion in herbaceous vegetation. Nature 242,
344-347.

Groffman, P.M., Baron, ].S., Blett, T., Gold, AJ., Goodman, I, Gunderson, LH.,
Levinson, B.M., Palmer, M.A,, Paerl, H.W., Peterson, G.D., LeRoy Poff, N., Rejeski,
D.W.,, Reynolds, J.F., Turner, M.G., Weathers, K.C., Wiens, J., 2006. Ecological
thresholds: the key to successful environmental management or an important
concept with no practical application? Ecosystems 9, 1-13.

Haddad, N.M., Holyoak, M., Mata, T.M., Davies, K.F., Melbourne, B.A., Preston, K.,2008.
Species’ traits predict the effects of disturbance and productivity on diversity.
Ecol. Lett. 11, 348-356.

Helmus, M.R,, Keller, W., Paterson, M.J., Yan, N.D., Cannon, C.H., Rusak, J.A., 2010.
Communities contain closely related species during ecosystem disturbance.
Ecol. Lett. 13, 162-174.

Kondoh, M., 2001. Unifying the relationships of species richness to productivity and
disturbance. P. Roy. Soc. Lond. B Bio. 268, 269-271.

Lee, S., Brown, M.T., 2011. Understanding self-organization of ecosystems under
disturbance using a microcosm study. Ecol. Eng. 37, 1747-1756.

Levin, S.A., 2005. Self-organization and the emergence of complexity in ecological
systems. Bioscience 55, 1075-1079.

Lindeman, RL., 1942. The trophic-dynamic aspect of ecology. Ecology 23,
399-417.

Mackey, R.L.,, Currie, D.J.,2001. The diversity—disturbance relationship: is it generally
strong and peaked? Ecology 82, 3479-3492.

Montague, C.L., Behra, R., Bosma, T.N.P.,, Genoni, G.P., Giittinger, H., 2001. Com-
plex dynamics of adaptation in a nonaxenic Microcystis culture—2. Computer
simulation of Dinitrophenol effects. Ecotox. Environ. Safe. 48, 241-254.

Odum, H.T., 1988. Self-organization, transformity, and information. Science 242,
1132-1139.

Odum, H.T., 1994a. Autocatalytic modules. In: Ecological and General Systems: An
Introduction to Systems Ecology. University Press of Colorado, Niwot, CO, pp.
141-159.

Odum, H.T., 1994b. Succession. In: Ecological and General Systems: An Introduction
to Systems Ecology. University Press of Colorado, Niwot, CO, pp. 457-458.

Odum, H.T., Odum, E.C., 2000a. Calibrating models. In: Modeling for all Scales: An
Introduction to System Simulation. Academic Press, San Diego, CA, pp. 96-102.

Odum, H.T., Odum, E.C., 2000b. Modeling for all Scales: An Introduction to System
Simulation. Academic Press, San Diego, CA, pp. 240-243.

Reiners, W.A., 1983. Disturbance and basic properties of ecosystem energetics. In:
Mooney, H.A., Godron, M. (Eds.), Disturbance and Ecosystems. Springer-Verlag,
Heidelberg, Germany, pp. 83-98.

Rodgers, P.W., DePinto, ]J., 1983. Estimation of phytoplankton decomposition rates
using two-stage continuous flow studies. Water Res. 17, 761-769.

Roxburgh, S.H., Shea, K., Wilson, B., 2004. The intermediate disturbance hypothesis:
patch dynamics and mechanisms of species coexistence. Ecology 85, 359-371.

Rykiel, EJ., 1996. Testing ecological models: the meaning of validation. Ecol. Model.
90, 229-244.

Scheffer, M., Carpenter, S., Foley, ].A., Folke, C., Walker, B., 2001. Catastrophic shifts
in ecosystems. Nature 413, 591-596.

Shea, K., Roxburgh, S.H., Rauschert, E.SJ., 2004. Moving from pattern to process:
coexistence mechanisms under intermediate disturbance regimes. Ecol. Lett. 7,
491-508.

Skirrow, G., 1965. The dissolved gas—carbon dioxide. In: Riley, J.P., Skirrow, G. (Eds.),
Chemical Oceanography. Academic Press, New York, NY, pp. 227-322.

Smith, S.V., 1973. Carbon dioxide dynamics: a record of organic carbon produc-
tion, respiration, and calcification in the Eniwetok reef flat community. Limnol.
Oceanogr. 18, 106-120.

Sousa, W.P., 1980. The responses of a community to disturbance: the importance of
successional age and species’ life histories. Oecologia 45, 72-81.

Sousa, W.P., 1984. The role of disturbance in natural communities. Annu. Rev. Ecol.
Syst. 15, 353-391.



3586 S. Lee, M.T. Brown / Ecological Modelling 222 (2011) 3577-3586

Sprugel, D.G., 1985. Natural disturbance and ecosystem energetics. In: Pickett, S.T.A., Wetzel, R.G., 2001. Limnology: Lake and River Ecosystems. Academic Press, San
White, P.S. (Eds.), The Ecology of Natural Disturbance and Patch Dynamics. Aca- Diego, CA, p. 472.
demic Press, San Diego, CA, pp. 335-352. White, P.S., Pickett, S.T.A., 1985. Natural disturbance and patch dynamics: an
Turner, M.G., Baker, W.L,, Peterson, CJ., Peet, RK., 1998. Factors influencing suc- introduction. In: Pickett, S.T.A., White, P.S. (Eds.), The Ecology of Nat-
cession: lessons from large, infrequent natural disturbances. Ecosystems 1, ural Disturbance and Patch Dynamics. Academic Press, San Diego, CA,

511-523. pp. 3-14.



