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PREFACE

The mathematical structures of the three versions of the stream ecosystem model
described in this document evolved during a 25-year period. A periphyton model, which later
became the Primary Production module of a stream ecosystem model, was p'rogi'ammed in
MIMIC while I was on sabbitical leave in 1970-71 at the Center for Quantitative Science,
University of Washington (Seattle, WA). The development of Version I of the McIntire and
Colby Stream Model was supported mostly by funds from the Western Coniferous Biome,
1.B.P., and most of the modeling was done between 1973 and 1976 at Oregon State
University. The original mathematical documentation for Version I was prepared by J. A.
Colby during the fall of 1976; this documentation was revised by Curtis White in October,
1977, and published as Internal Report 165: Mathematical Documentation for a Lotic
Ecosystem Model (Coniferous Forest Biome, 1978). The Herbivory and Riparian Versions of
the Mclntire and Colby Stream Model were based on laboratory and field research conducted
at Oregon State University between 1985 and the present. These versions of the model are
modifications of Version I and were developed concurrently with an ongoing research program
in stream ecology.

Model structure and parameter estimation were based on an enormous amount of
information obtained from the literature and directly from an interdisciplinary group of stream
ecologists. Among this group, I am particularly indebted to N. H. Anderson, L. R. Ashkenas,
R. H. Boling, T. Bott, K. W. Cummins, C. E. Cushing, G. W. Fowler, E. Grafius, S. V.
Gregory, J. D. Hall, G. A. Lamberti, G. W. Minshall, J. R. Sedell, A. D. Steinman, W. T.
Summer, F. J. Triska, R. L. Vannote, and J. H. Wlosinski for their unselfish willingness to

i



share ideas and unpublished data. Very special thanks are due W. S. Overton for providing
the theory upon which the three versions of the model are based and for his leadership in the
development of the various versions of FLEX, a general model processor available at Oregon
State University. I am also indebted to Brad Smith for programming the latest version of the
FLEX model processor. |
The work reported in this tutorial was supported, in part, by National Science
Foundation Grant No. DEB 74-20744 A06 to the Coniferous Forest Biome, Ecosystem

Analysis Studies, and N. S. F. Grants BSR-8318386, BSR-8907968, and BSR-90-11663

(LTER).

C. David McIntire

Department of Botany & Plant Pathology
Oregon State University
mcintire@ava.bcc.orst.edu
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INTRODUCTION

This tutorial provides the conceptual framework, descriptive information, and
instructions necessary to run and examine the behavior of three versions of a lotic ecosystem
model. Program and data files for these models are stored on the enclosed diskette. To use
these files, an IBM or compatible PC with a math coprocessor is required. If the computer isv
equipped with a hard disk, the user can generate a complete set of output, which in this case,
includes a screen display and print files for the simulation runs and the corresponding annual
energy budgets. Without a hard disk, it is still possible to obtain the screen display and print
files for each run.

The models described below are the MclIntire and Colby stream ecosystem model
(McIntire and Colby, 1978), henceforth referred to as the M & C Stream Model, and two
modified versions of this model that were designed to investigate the process of herbivory and
effects of irradiance, food quality, and nutrients on the processes of primary production and
grazing. The files required to run these models include the three program files
(STREAM.COM, HERB.COM, and RIPARIAN.COM) and a series of files that introduce the
input variables; the other files on the diskette (e.g., BUDGET.COM, STRMTAB.COM,
STRMTAB.CMD, HERBTAB.COM, HERBTAB.CMD, RIPARTAB.COM, and
RIPARTAB.CMD) are required to calculate energy budgets for each simulation run. The
three program files represent compiled versions of each model. With each versfon, the user
can change the initial values for the state variables, the parameters, and the input tables (e.g.,
the irradiance, nutrient, temperature, and flow schedules, as well as the allochthonous
introductions). The equations representing functional relationships among the system variables
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cannot be changed without an alteration of the Pascal procedure files and the generation of a
new, compiled version of the model. Files required for this purpose are not included on the
diskette. However, a complete mathematical documentation of the three versions of the model
is included in the Appendices so the advanced user can reprogram the model with desired
modifications in a programming language of choice. |
Models and Modeling

From a scientific perspective, modeling is the process of putting structure on
knowledge, and a model is some kind of statement of relationships. Therefore, all research
scientists are modelers in the sense that they are involved in generating and updating
conceptual models that evolve from field and laboratory studies. In some cases, it is useful to
transform conceptual models into integrated numerical systems by mathematical formalization.
In ecology, mathematical modeling is the translation of an ecological system into mathematical
form and the subsequent investigation of the mathematical system, usually by computer
simulation.

Overall goals of model building are description and prediction. In particular,
mathematical models can be used for simple forecasting (e.g., the weather) or for scientific
purposes: (1) for hypothesis generation; (2) to synthesize the results of field and laboratory
studies; (3) to evaluate a data base; and (4) to set priorities for future research. The process of
model building usually includes the selection and classification of variables, equation writing
and parameterization, simulation, and the comparison of model output with the behavior of the
natural system under consideration (model testing). In this tutorial, we discuss the use of
mathematical modeling for the scientific investigation of biological processes in lotic
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ecosystems.
The Role of Modeling in Stream Ecology

Lotic ecosystems have been investigated from the trophic level viewpoint (Odum,
1957; Warren et al., 1964) and more recently within the conceptual framework of functional
groups (Cummins, 1974; Boling et al., 1975) or relevant dynamic processes (Mclntire, 1983);
The functional group approach involves the classification of taxonomic entities into groups of
organisms considered to be similar to each other with respect to trophic position and function.
Historically, the corresponding approach to analysis has been concerned with state variable
dynamics, in this case with the biomass or numerical abundance of organisms in each
functional group. In contrast, the process viewpoint is less concerned with taxonomic
categories and places more emphasis on the capacity of a system or subsystem to process
inputs. The stream models described in the following sections of this document are compatible
with both the functional group and process viewpoints.

Functional groups of stream organisms do not live in isolation. Individual taxa
experience complex interactions with abiotic and biotic components within the functional unit,
and the group as a whole changes its structural and functional attributes in response to direct
and indirect relationships with components outside the boundaries of the group. In the field or
laboratory, experiments with functional groups of stream organisms are usually designed to
examine effects of only one or at most, a few variables in systems that maintain the same
environment with respect to the variables not under investigation. The role of modeling, as
conceptualized in this tutorial, is to provide a context and coupling structure for the
experimental work that will help optimize the relevancy of a particular experiment to the
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objective questions under consideration.

One approach to the study and modeling of lotic ecosystems includes: (1) identification
of research goals and a set of corresponding specific objectives; (2) an initial system
conceptualization, a process that involves the definition of system variables and their
couplings, and the determination of appropriate levels of resolution relative to time and space;
(3) translation of biological concepts into mathematical form and subsequent investigation of
the mathematical model in relation to the objective questions under consideration; (4)
validation of model behavior by the collection of observational data in the field; (5) generation
of new hypotheses that are based on priorities revealed by modeling and field observations; (6)
design and performance of experiments to examine new hypotheses; (7) modification of the
mathematical model and system conceptualization based on the latest field observations and
experimental results; and (8) reevaluation of specific objectives and research progress in
relation to the level of understanding generated by the most recent round of experimental work
and modeling. In summary, this approach is iterative and synthetic, and involves the careful
interplay between modeling, field observation, experimentation, and a periodic update of

specific objectives in relation to an overall research goal.

THE M&C STREAM MODEL: VERSION I
The structure and mathematical details of the M & C Stream Model were described by
MclIntire and Colby (1978). Model structure was based on the process point of view
(Mclntire, 1983) and current concepts of functional groups in stream ecology (Mclntire, 1968,

1973; Cummins, 1974). In this case, ecosystems were conceptualized as hierarchical systems



of biological processes with physical and chemical processes expressed as driving or control
variables. Depending on the resolution levels of interest, various biological processes were the
systems, subsystems, and suprasystems under consideration. This view of ecological systems
is consistent with FLEX, a general ecosystem model paradigm developed by Overton (1972,
1975) and based on the general systems theory of Klir (1969). The original version of the
model was developed for scientific purposes: to generate hypotheses, to synthesize the results
of field and laboratory research, to evaluate a data base, and to set priorities for future
research. More recently the model has been used for teaching purposes and for the generation
of new hypotheses related to the processes of primary production and grazing in lotic
ecosystems.

Briefly, the M & C Stream Model has a hierarchical structure and represents biological
processes that are usually active in most lotic ecosystems. From this perspective, stream
ecosystems are conceptualized as two coupled subsystems, the processes of primary
consumption and predation (Fig. 1). Primary Consumption represents all processes associated
with the direct consumption and decomposition of both autotrophic organisms and detritus,
including the autochthonous production dynamics of the autotrophic organisms collectively.
Predation includes processes related to the transfer of energy among primary, secondary, and
tertiary macroconsumers. The subsystems of Predation are the processes of invertebrate and
vertebrate predation, whereas Primary Consumption is represented by the processes of
herbivory and detrtivory. Herbivory consists of all processes associated with the production
and consumption of autotrophic organisms within the system, whereas Detritivory includes the
consumption and decomposition of detrital inputs. The corresponding subsystems of
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Figure 1. Schematic representation of a lotic ecosystem showing the hierarchical decomposition
of the Primary Consumption and Predation subsystems. Arrows within processes
indicate patterns of energy flow. B



Herbivory are Primary Production and Grazing, and those of Detritivory include Shredding,
Collecting, and Microbial Decomposition (Fig. 1).

The M & C Stream Model is programmed in Pascal as a series of procedure files that
were cocompiled with FLEXPC.COM, a model processor that is compatible with the FLEX
paradigm. Instructions for running Version I of the model include a short introduction to the |
Standard Run and the more detailed, step by step, procedure for producing various kinds of
output from the Standard Run. In addition, the procedures for modifying the Standard Run are
outlined. Such modifications can be introduced by changing the input tables, parameters, and
initial conditions. A complete mathematical documentation of Version I of the M & C Stream
Model is presented in Appendix I (page 146).

The Standard Run for Version I

The Standard Run for Version I of the M & C Stream Model simulates the process
dynamics of a small, low-order stream that is shaded in the summer by a dense canopy of
riparian vegetation and receives annual allochthonous organic inputs of 473 g m?. If the input
tables are not changed, this run generates the state variable trajectories illustrated by Mclntire
and Colby (1978, Fig. 4). This version of the model has 11 state variables that represent
biomasses associated with the processes of grazing (x,), shredding (x;), collecting (x,),
vertebrate predation (x;), invertebrate predation (x¢), and primary production (x;); and
biomasses associated with the decomposition of fine particulate organic matter (xg) and four
categories of large particulate organic matter (x,, X,o, X;;, and X,,). In addition, two other state
variables (x;; and x,,) are used as dummy variables to introduce lag times for the microbial
conditioning of the allochthonous organic inputs. The variable x, is not used in Version I of
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the model.

The files that introduce the input variables for the Standard Run are:

File Variabl
EXLITE daily mean illumination expressed as ft-c;
XNUTR limiting nutrient concentration (mg 1), NO," in this case;
STRFLOW stream flow (cfs);
SALLOC slow-conditioned allochthonous daily input (g m?);
FALLOC fast-conditioned allochthonous daily input (g m?);
GEMER daily emergence losses (g m?) for grazers;
SEMER daily emergence losses (g m?) for shredders;
CEMER daily emergence losses (g m?) for collectors;
PEMER daily emergence losses (g m?) for invertebrate predators;
STRTEMP daily mean water temperature (°C);
PHOTPER number of daylight hours per day (hr day™).

Each file consists of a table of 360 values representing the daily inputs for a one-year
simulation run based on 12 30-day months. Schedules of illumination and allochthonous
inputs (Appendix II) were obtained from direct measurements at sites on Berry Creek, a small
stream near Corvallis, Oregon, and Watershed 10, a research area at the H. J. Andrews
Experimental Forest, approximately 60 mi east of Eugene, Oregon. Patterns of these inputs
are illustrated in Figures 2A and 2B, whereas hydrologic properties generated by the stream
flow schedule (STRFLOW) are tabulated in Table 1. For more detail, the user can plot the

values in each table and examine listings of the tables in Appendix II..
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Table 1. Hydrologic properties associated with the Standard Run of Version I of the M & C
Stream Model. Maximum, minimum, and mean values correspond to output from a
1-year simulation run at a time resolution of one day. Parameters for the equations
and the mean channel slope are based on data for Oak Creek, near Corvallis, Oregon.

Property Units Maximum Minimum - - Mean
Flow cm s 3540 22 221 -
Current Velocity cm s’ 231 20 50
Suspended Load mg 1 330 1 14
Roughness Coefficient none 0.075 0.048 0.054
Channel Width m 3.17 3.12 3.13
Channel Depth m 0.58 0.03 0.09
Cross-sectional Area m’ 6.95 0.28 0.94
Channel slope % - - 1.4

Simulation Procedures

This section describes the procedures for (1) generating output from the Standard Run;
(2) changing the screen output display; (3) changing parameter values; (4) creating files for
printing or plotting; and (5) generating an annual energy budget. The commands that the user
must supply are indicated in bold type.

If your computer has a hard disk (assumed here to be the C drive), type

C:\>md model (return)
C:\>cd model (return)
C:\MODEL >md stand (return)
C:\MODEL > cd stand (return)
C:\MODEL\STAND > copy a:\stand\*.* 3 (return)

10



C:\MODEL\STAND > dir (return)
This set of commands assumes that you have placed the diskette containing the files for the
M & C Stream Model in the A drive. The commands create a new directory and subdirectory
on the C drive named MODEL and MODEL\STAND, and copies all of the files stored on the
STAND subdirectory of the diskette from the A drive to C:\MODEL\STAND. The dir |
command provides a listing of all files that were transferred from the A drive.

To run the model, type
C:\MODEL\STAND > stream (return)
This command calls up the compiled version of the M & C Stream Model and puts the user in
communication with the FLEX model processor. After the CMD > prompt is displayed on
the screen, type
CMD > read =stream.cmd (return)
This command introduces a file that specifies the parameters, input tables, initial values for
the state variables, run length, and output instructions for a particular run. The user also has
the option of supplying or changing this information directly from the keyboard. However,
for a relatively large model, the best strategy is to read in a command file, STREAM.CMD in
this case, and then make any necessary modifications directly from the keyboard. This
procedure is illustrated by some examples below. To generate screen output for a one-year
simulation, type
CMD >run (return)
With this command, the model processor will display the values for six state variables (x,, Xs,
X4, X5, Xg, and Xx,) at a monthly time resolution (i.e:, for days 30, 60, 90, ......... , 330, and
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360). The time interval and variables displayed on the screen were specified in the command
file (STREAM.CMD). They can be changed by changing the commands in this file or by the
appropriate commands from the keyboard. For example, press the return key to get back into
the command mode and type

CMD > reset (return)

The reset command sets the time step back to zero which allows for the initiation of a new

run. Next, type

CMD >sint=§ (return)
CMD > sset=x(9) (return)
CMD > skill=x(6) (return)
CMD > slist (return)

The first command (sint=>5) sets the screen display to a 5-day interval and overrides the 30-
day interval set in the command file. The sset command adds a new state variable (x,) to the
screen display, while the skill command omits a state variable (x¢) from the screen display.
The user can check the variables that will be displayed on the screen at any time by typing
slist. To make a run with the updated output requirements, simply type

CMD >run (return)

After this run is completed, press the return key and enter the reset command. For the next
run, type

CMD >ib(92)=.7 (return)

This entry introduces a new command (ib(??)=?) that provides the user with the opportunity
to change the parameter values. In this case, the parameter b,, has been changed from its
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original value of 0.55 to a new value of 0.7. The original value was introduced by the
command file (STREAM.CMD). In the M & C Stream Model, the assimilation associated
with the process of grazing is calculated by multiplying the food consumption by b,,, the
assimilation efficiency parameter. At this point, the user can again run the model for a one-
year simulation while using the original initial values for the state variables, or the model can
be run for a longer period to determiné a new set of initial conditions that will generate steady

state dynamics for the new by, value. For an example of the latter option, type

CMD > tstop=5400 (return)
CMD > sint=360 (return)
CMD > sset=(6,8,10:14) (return)
CMD > slist (return)

The tstop command changes the run length from 1 year (360 days), the value set by the
command file, to 15 years (5400 days). For this run, it is also necessary to output all state
variables (x, - x,,), and desirable to change the screen output interval to 1 year (360 days).
The sset command adds xg, Xg, X9, Xq1, X125 X13, and X, to the list of state variables for screen
output. Initiate the simulation by

CMD >run (return)

Watch the 13 state variable values as they gradually change during the long-term simulation.
Because of the yearly output resolution, each set of 13 values represents the vector of state
variables at the beginning of each year. As soon as the vector has converged to a constant set
of values, in this case by day 5040 (after 14 years), the steady state initial values for the state
variables are established for the new set of parameters or input variables. Copy down these
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values or print the information on the screen, press the return key, and type

CMD > reset (return)
CMD > tstop=360 (return)
CMD > ix(2:8)=1.64,1.307,2.848,3.931,.114,.841,8.016 (return)
CMD >ix(9:14) =123.917,24.691,30.851,1.145,16.978,.668 (return)

The first two commands reset the system and change the run length back to one year. The

ix(??)=? commands introduce the new steady state initial values for the state variables. In

other words, the system should return to these values on the last day of each year if they are

correct. Check this out with the command

CMD >run (return)

(Note: In this case, a slight discrepency in xs, X3, and X, is caused by a rounding error.)
The next example generates a separate file of output that can be sent to a printing

device or reproduced on the screen by the DOS type command. Press the return key and type

CMD > reset (return)
CMD > skill=x(8,10:14) (return)
CMD >sint=10 (return)
CMD > slist (return)
CMD > pfile=leroy.out (return)
CMD > pint=30 (return)
CMD > pset=x(2:7,9) (return)
CMD > plist (return)

The first four commands reset the system and change the screen output to state variables X, -
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X, and an output interval of 10 days. The pfile command sets up a print file. The user also
can specify another disk drive or directory for the storage of this file (e.g.,
pfile=b:leroy.out). The pint, pset, and plist commands are analogous to the corresponding

screen commands and specify the output interval and the desired output variables (x, - x; and

X, in this case). Type

CMD >run (return)
Press the return key and type
CMD>q (return)

The q or quit command transfers the user back to DOS. Hard copy of the last run can be
obtained by sending the print file LEROY.OUT to an appropriate printing device. This file
includes a list of all parameter values, initial values for the state variables, initial values for a
set of memory variables, a list of input tables, and values for the output variables at a time
resolution specified by the pint= command (Appendix IIT). If the user wishes to plot the
output variables against each other or against a temporal scale, the d??? series commands
allow for the creation of a dump file that provides a convenient table of these values without
the supporting information included in the print file (i.e., the list of parameters and initial

conditions). To create an example of a dump file for the Standard Run, type

C:\MODEL\STAND > stream (return)
CMD > read=stream.cmd (return)
CMD > dfile=c:\inodel\stand\leon.out (return)
CMD >dint=1 (return)
CMD > dset=x(2:7) : (return)
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CMD > delim=, (return)
CMD >run (return)
After the end of the run, press the (return) key and type
CMD>q (return)
The dfile command specifies the name and drive\directory for the dump file. Since dump
files often are relatively large, it may be necessary to store the file on a different diskette or
on a particular subdirectory of a hard disk (if available). In the above example, the dump file
LEON.OUT requires 5404 bytes and is stored on the C drive in the directory MODEL and
subdirectory STAND. The dint and dset commands specify the output interval and variables,
respectively, and are analogous to the corresponding s??? and p??? commands introduced
earlier. Some plotting and spreadsheet programs require a delimiter between the data entries
before the file can be read in for analysis. If this is the case, the user can insert the delimiter
of choice, a comma in this example, by using the delim command. If a delimiter is not
entered, a space will separate each value in the file. The user can examine the structure of
the dump file by getting a listing on the screen using the DOS command
C:\MODEL\STAND > type leon.out (return)
or, the file can be modified in the DOS editor (or in any other editor). For example, type
C:\MODEL\STAND > edit leon.out (return)
Structure of the Command File

As indicated on page 11, the command file allows the user to introduce all of the
information that is necessary to initiate a particular simulation run. If the model is relatively
large and the user intends to make a number of runs, the command file provides the user with
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a way to introduce most of the necessary information without having to retype it for each
individual run. Minor modifications to this file then can be made before each run in the

command or CMD > mode of the FLEX model processor as illustrated in the examples

presented above.

The structure of the command file (STREAM.CMD) used in the examples is:

line 1: LEVEL=1

line 2: 1B(1:10)=0,1.39E-2,5.7E-2,-1,0,0.114,0.581,1.97E-4,-94.4,9.42E3

line 3: 1B(11:20)=1.08E3,4.88E-2,8.83E-2,10.2,2.95E-3,1.07,0.633,1.1,1.6E2,1.5
line 4: 1B(21:30)=4,0.8,1,4,0.5,0,0,3.5,3.5,0

line §: 1B(31:40)=9.95E-2,0.465,0.895,0.56,1.9,1.51,0.294,2.03,1.28E-4,1.28E-4
line 6: IB(41:50)=1.38E-3,1.38E-3,-1,0,0.187,2.33E-3,1.74E-2,0,0,0.3

line 7: IB(51:60)=0.86,0.1,1.87E-3,2.5E-3,2.6E-2,1.88E-2,0.42,0.82,0.05,100
line 8: 1B(61:70)=0,0,0,3,0.01,2.8E-2,0.583,1.0E-3,0.5,1.92E-2

line 9: 1B(71:80)=2.1E-3,0.7,0,7.4E-3,1.08E-3,0.1,0.4,2.68E2,2.95,0.187

line 10: IB(81:90)=1.46E-2,2.96E-2,1.46E-2,15,0.8,12,0.35,0.7,0.237,1.0E3
line 11: IB(91:100)=2.4E3,0.55,0.18,0.21,0,0.3,0.3,0.3,0.167,1

line 12: IB(101:107)=4.46E-3,4.46E-3,4.46E-3,-1,1.44E-4,0,5.85E-2

line 13: 1IB(108:114)=9.11E-4,1.99E-4,5.85E-2,-1,-1,-1,-1

line 14: 1IX(1:11)=0,1.415,1.305,3.075,3.974,0.112,0.932,8.228,123.962,24.7,30.851
line 15: 1IX(12:14)=1.145,16.978,0.668

line 16: 1IM(2:7)=0.0,0.0,0.0,0.0,0.0,0.0

line 17 TARGET

line 18: SSET=X(2:7)

line 19: SINT=30

line 20: SLIST

line 21: TSTOP=360

line 22: TABLE(1)=EXLITE

line 23: TABLE(2)=XNUTR

line 24: TABLE(3)=STRFLOW

line 25: TABLE(4)=SALLOC

line 26: TABLE(S)=FALLOC

line 27: TABLE(6)=GEMER

line 28: TABLE(7)=SEMER

line 29: TABLE(8)=CEMER

line 30: TABLE(9)=PEMER

line 31: TABLE(10)=STRTEMP

line 32: TABLE(11)=PHOTPER
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The LEVEL=1 command indicates that the model will run at one time resolution, in this
case at a time period of one day. In a later section, a two level model is described
(RIPARIAN.COM) in which part of the system runs at an hourly time resolution, whereas the
rest of the system is updated at a daily resolution. The IB(2:?) commands (iineS'Z - 13)
introduce the initial set of parameters. In this version of the model (STREAM.COM), there
are 114 parameters (see APPENDIX I for details). The IX(?:?) and IM(?:?) commands
(lines 14 - 16) specify initial values for state variables and memory variables, respectively. If
the system is in a steady state, the state variables return to their initial values, usually on an
annual cycle if input tables are structured on an annual cycle. However, in some cases,
cycles can assume a 2, 3, 4, or as long as a 12-year time period because of lag time effects
with certain combinations of parameters and inputs. Memory variables are past values of
system inputs or state variables. The TARGET command (line 17) simply indicates the
desired level for the print file, dump file, and screen output. The location of this command is
important when the model has more than one level. The TSTOP= command (line 21) sets
the length of the simulation run, 360 days in this example, whereas the S??? commands
(lines 18 - 20) are explained in the previous section.

Lines 22 - 32 in the command file specify the input tables. This version of the model
requires 11 tables of inputs that represent illumination intensity (Table 1); nutrients (Table 2);
stream flow (Table 3); allochthonous inputs of organic matter (Tables 4 and 5); emergence
losses associated with grazers, shredders, collectors, and invertebrate predators (Tables 6, 7,
8, and 9); stream temperature (Table 10); and the number of daylight hours per day (Table
11). The structure of these tables is explained in the next section. The user can designate any
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name for each of these tables as long as the table numbers correspond to the variables
indicated above.
Manipulations of Input Files and Parameters

This section suggests some additional manipulations that will allow the user to become
more familiar with the kind of output that the model can generate. Such manipulations fall |
into three categories: (1) changes in the input tables; (2) changes in the parameters; and (3)
changes in the initial values for the state variables.

As indicated in the previous section, STREAM.COM requires 11 input tables, each of

which can be altered when a different schedule of inputs is desired. Each table consists of
360 values, one for each day of the year, and is read a row at a time from left to right. The
format of these tables can be variable; a space between each value is all that is required. For
example, to examine the schedule of illumination inputs, type
C:\MODEL\STAND > type exlite (return)
The corresponding listing on the screen represents a table of 360 daily average values for
illumination intensity expressed as foot-candles, the unit that was used in the first version of
the model. The irradiation equivalent (umol quanta m? s™) for these values is roughly 0.2
times each entry, i.e., 20% of each value. In the PASCAL code, the tables are identified by
numbers, and the command file (STREAM.CMD) equates each number to the appropriate
input file name. For example, a new table of irradiation inputs NEWNAME) can be
introduced by changing line 26 of the command file from TABLE (1)=EXLITE to
TABLE(1)=NEWNAME.

The standard version of the M & C Stream Model (STREAM.COM) is particularly
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suitable for simulating effects of various combinations of irradiance and allochthonous inputs.
To examine these variables, the user can change the light schedule (EXLITE) as indicated
above, and the two tables of allochthonous inputs (SALLOC and FALLOC). In this case,
SALLOC simulates the introduction of organic matter, expressed as g m™ déy“,’ that
undergoes microbial conditioning slowly (130-day lag time), and FALLOC is the input tai)le
that represents material that is conditioned more rapidly (30-day lag time). The total input
from these two tables is 473 g m? yr'.

Changes in parameters are introduced in command mode (CMD >) before a run by the
ib(?)=? command as described on page 12 or by changing values in the command file before
calling up the model processor. A complete list of parameters and their definitions for the
Version I of the model (STREAM.COM) are presented in Section 6 of APPENDIX 1. Some
interesting parameters that the user can change without reference to Section 6 or the complete

model documentation (APPENDIX ) are:

Parameter Stan Val Explanation
by, 0.55 grazer assimilation ratio
by 0.18 shredder assimilation ratio
by, 0.21 collector assimilation ratio
bsg 0.82 invertebrate predator assimilation ratio
bs, 0.86 vertebrate predator assimilation ratio
b, 0.7 g m? algal refuge parameter
byg 0.3 gm? grazer refuge parameter
by, 0.3 gm? shredder refuge parameter
Dog 0.3 g m? collector refuge parameter
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b, -1 constant temperature

b3 -1 constant irradiance

b -1 constant NO; (nutrient) concentration

b4 -1 constant allochthonous input (slow lag time)
byos -1 constant allochthonous input (fast lag time)

The parameters b,,, by, bg,, bss, and by, establish the assimilation ratios for the major
consumer processes. In the model, assimilation for each process is calculated by multiplying
food consumption by the appropriate ratio. Past research indicates that model behavior is
relatively sensitive to these parameters.

The refuge parameters (b,,, by, by;, and bgg) set a resource biomass to its lower limit
of availability. In other words, if b,, is set at 0.7 g m?, the algal biomass available to the
process of grazing at any particular time is x, - 0.7 g m>, where x, is the total algal biomass
at}that time. The other parameters set refuge levels for grazers, shredders, and collectors in
relation to exploitation by the processes of vertebrate and invertebrate predation.

The parameters by, by,3, by, byge, and b,y provide the user with the option of
introducing a constant value for the corresponding input variables. When these values are
negative (e.g., -1), the processor will read the input tables. Alternatively, if they are set to a
value of zero or greater, the processor will ignore the table and read the input as a constant
value equal to the parameter.

Another interesting manipulation of the model inputs can be investigated by changing
the initial values for the state variables. In particular, it is informative to investigate model

behavior in the absence of various processes. For this kind of analysis, simply set the initial
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state variable value to zero, an input that is accomplished by typing
CMD>ix( )=0 (return)
with the state variable of interest indicated between the parentheses. In this way, it is
possible, for example, to examine the dynamics of grazing, shredding, and éollecting in the
presence and absence of predation; or investigate system dynamics with or without the |
process of grazing.
The Energy Budget

The enclosed diskette also contains three files (STRMTAB.COM, STRMTAB.CMD,
and BUDGET.COM) that allow the user to obtain an annual energy budget for any set of
inputs, parameters, or initial conditions. STRMTAB.COM generates the same system
dynamics as STREAM.COM, while calculating the additional variables necessary for the
energy budget. If an energy budget is not desired, STREAM.COM should be used instead of
STRMTAB.COM, as the run time associated with the latter program is approximately three
times longer than the corresponding time for STREAM.COM.

The command file for STRMTAB.COM is STRMTAB.CMD. This file contains the
same information as STREAM.CMD, and in addition, sets up a dump file that contains 360
values for each of the 55 variables required for the energy budget. STRMTAB.CMD
instructs the model processor to set up a dump file named STREAM.DMP, and then stores
this file on the current disk drive and directory/subdirectory, C:\MODEL\STAND in the
example discussed above. (STREAM.DMP for the Standard Run occupies 469912 bytes of
memory and is too large for the standard 5-inch floppy disk.) The dump file destination can
be changed by an appropriate modification of the dfile= command in STRMTAB.CMD.
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BUDGET.COM reads the dump file (STREAM.DMP) and synthesizes this information into
three tables which summarize the bioenergetics of the system at an annual time resolution
(360 days). The output file from BUDGET.COM is named STREAM.TAB, a file that can be
listed on the screen or sent to a printing device if hard copy is desired.

To generate an energy budget for the Standard Run, type

C:\MODEL\STAND > strmtab (return)
CMD > read=strmtab.cmd (return)
CMD >run | (return)

After the simulation is complete, press the return key and type

CMD>q (return)
C:\MODEL\STAND > budget (return)

After these commands, the program will print "Please enter the simulation run number" on
the screen. The user then can identify the run by a number or a series of words. For
example, type

(space) Run Number 1 | (return)

After execution, the program will print "End of Pascal execution" on the screen. At this
point, the output file (STREAM.TAB) is stored on'C:\MODEL\STAND and can be printed

or examined on the screen. Type

C:\MODEL\STAND > type stream.tab (return)
or
C:\MODEL\STAND > print stream.tab (return)

The output that you will get from your printer is listed in Appendix IV.
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Energy budgets can be obtained for any combination of inputs, parameters, or initial
conditions. The recommended procedure for generating output from the M & C Stream
Model is summarized in the following steps:

1. Use STREAM.COM and STREAM.CMD to explore a set of chan'geé in parameters,

initial conditions, or inputs; A

2. After the particular set of runs of interest are identified, determine the steady state
initial conditions that are compatible with the desired changes for each run (follow the

procedure outlined on pages 12 -14);

3. If an energy budget is not desired, use STREAM.COM and STREAM.CMD to
generate one-year steady state simulations with print files and dump files (if plots are
needed);

4.  If an energy budget is required, use STRMTAB.COM and STRMTAB.CMD to

generate one-year steady state runs with print files and an energy budget.

An example of step 4 for the case discussed in the Simulation Procedures section can be

examined by typing

C:\MODEL\STAND > strmtab (return)
CMD > read=strmtab.cmd (return)
CMD >ib(92)=.7 (return)
CMD >ix(2:8)=1.64,1.307,2.848,3.931,.114,.841,8.016 (return)
CMD >ix(9:14)=123.917,24.691,30.851,1.145,16.978,.668 (return)
CMD > pfile=leon.out (return)
CMD > pint=10 (return)
CMD > pset=x(2:7) B (return)
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CMD >run (return)

After the run is complete, press the return key and type

CMD>q (return)
C:\MODEL\STAND > budget (return)
(space) Run Number 2 (return)

After execution of BUDGET.COM, type

C:\MODEL\STAND > print leon.out (return)
C:\MODEL\STAND > print stream.tab (return)

Description of Energy Budget Tables

The file STREAM.TAB contains three tables that summarize the energy relations
among the biological processes represented by the M & C Stream Model. Table 1 (Appendix
IV, page 209) provides the annual (360-day) mean biomass for functional groups of
organisms representing the processes of grazing, shredding, collecting, vertebrate predation,
invertebrate predation, and primary production (i.e., the state variables x,, X3, X,, Xs, Xq, and
X;, respectively). In addition, corresponding standard deviations, maximum, and minimum
values also are tabulated for the 360-day period. Other information for each process includes
the annual production and assimilation, turnover times per year, and the various fates of the
assimilated energy. Table 2 (Appendix IV, page 210) represents the bioenergetics of the
detrital processes. Here, annual mean biomasses, standard deviations, maximum, and
minimum values are tabulated for fine particulate organic matter (FPOM) and large
particulate organic matter (LPOM). LPOM is partitioned into a conditioned fraction, with a
slow and fast time resolution (SLPOM and FLPOM), and the unconditioned material with the
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same compartments. For more information about this aspect of the model structure, see page
170 of MclIntire and Colby (1978). Table 2 also indicates the sources of FPOM and LPOM
and the fates of corresponding inputs. Table 3 (Appendix IV, page 210) provides an energy
budget for the whole ecosystem. The total inputs, which consist of gross primary production
and allocthonous material from the terrestrial environment, are listed in the column on thev
left, whereas the losses of energy are tabulated in the column on the right. If the system is
operating with steady state initial conditions, the inputs and losses should be equal, plus or
minus a small rounding error. The ratio GPP/CR indicates whether the system as a whole is
autotrophic or heterotrophic.
Some Useful Output Variables
Concepts

The dynamics of biological processes in ecosystems can be examined relative to (1) the
potential to expand process capacity, (2) process production, (3) the realized growth of
process capacity, and (4) process regulation (Mclntire, 1983). Theoretically, process capacity
includes two components -- a quantitative aspect which is the biomass at any instant of time
involved in the process, and a qualitative aspect which relates to taxonomic composition and
physiological state. In the M & C Stream model, qualitative changes within a process are not
represented, and state variables are defined as the biomasses associated with the various
processes. In particular, the model emphasizes the responses of the processes of primary
production, grazing, shredding, collecting, invertebrate predation, vertebrate predation, and
detrital decomposition to inputs of energy, namely solar radiation and allochthonous detritus.
Therefore, simulation output requested by the pfile and dfile commands usually include
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values for state variables (i.e., the biomasses) that can be plotted as temporal trajectories (see
Fig. 3) or against each other as a phase diagram.

In studies of natural ecosystems, it is often difficult to understand mechanisms that
account for system dynamics from plots of state variables. In other words, values for state
variables go up and down, but it is not always intuitively obvious why such variations occur.
Likewise, state variable dynamics in ecosystem models also can be difficult to interpret,
which may seem surprising considering that the model is the investigator's own creation. As
a result, we frequently find ourselves in the frustrating situation of not even being able to
understand the behavior of our simple models, let alone the real world itself. To help with
the problem of model interpretation, McIntire and Colby (1978) and MclIntire (1983)
introduced a set of variables that can be used to identify mechanisms that control or regulate
changes in state variable values during each simulation run. These variables are based on the
four concepts introduced in the preceding paragraph.

The potential to expand the biomass associated with a consumer process (e.g., grazing,

shredding, and collecting) at time k is given by

aD k) - C(®)
rpmnaal(k)i - =B ‘ > )

where
x;(k) = the biomass of process i at time k,

D,k) = the demand for food for process i at time k,
Ci(k) = the cost of processing for process i at time k,

a; = an efficiency parameter for process i.

Process demand (D) represents resource consumption by a consumer process when resources
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are in unlimited supply. The cost of processing (C) is the metabolic loss of energy during
processing, or in other words, the collective respiratory expenditure by the biomass involved
in a particular process.

The variable 7,,..., is a specific growth rate, the potential to expand'thé process
biomass per unit biomass in the absence of resource limitation and negative effects from othe;'
processes. It is analogous to the intrinsic rate of natural increase, a population parameter
defined by Birch (1948). Therefore, r,u..i4 is a function of physical processes that act in a
density-independent way, and theoretically is unaffected by density-dependent factors, as long
as the qualitative aspects of the process capacity does not change. In the M & C Stream
Model, 7,,..4, is a function of temperature because both D(k) and C(k) vary with changes in
temperature.

Process production for consumers is defined as the net elaboration of the biomass
involved in a process regardless of the fate of that biomass during the period under
consideration. Bioenergetically, it is assimilation by organisms involved in a process (i.e.,
the amount of a resource incorporated into process biomass) minus the cost of processing.
Consequently, process production for consumer functional groups is analogous to the concept
of secondary production (Ricker, 1958). Production for process i per unit biomass is derived
from the expression:

a,F (k) - C(k)

ol " T ©)

where F(k) is the realized consumption of food resources at time k (i.e., the actual rate at
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which resources are consumed by the process under existing conditions), and the other
symbols are defined for equation (1). It follows that the process production rate at time k is
{aF (k) - C(k)} or 1,,5x(k). Therefore, 7,y is a specific growth rate with unlimited
resources, and r,,,,,, is the corresponding rate when resources vary accord‘ingfto system
dynamics.

The actual or realized specific growth rate of the process biomass can be obtained after-
accounting for export and interactions with other processes. For primary consumers (grazers,
shredders, and collectors), the equations are:

aF(k) - C(k) - E(k)

rcnur(k) ) < x, (k) > (3)

aFk - C(k) - E(F) - I(k)
riprod(k)i = ‘ X (k) ’ and (4)
i

F@F - C(k) - E(k) - I(k) - V(£
r ), - aF(k& - Ck) - E®) - I(®) - V(B ’ )
x(k)

where
E,(k) = insect emergence losses for process i at time k,

I(k) = process i biomass losses to invertebrate predators at time k,

Vi(k) = process i biomass losses to vertebrate predators at time k.
In the M & C Stream Model, E, I, and V are usually expressed as a daily rate; and r,,,,,, 7,4,

and r,,, are corresponding specific growth rates after the designated losses are substracted
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from the process production rate. In particular, r,,, represents the actual specific growth rate
of the process biomass under the conditions specified by the system inputs; it is equal to the
process production rate minus all rates that represent losses of process biomass, divided by
the process biomass. In the model, bacterial biomass is not tracked, and losses from
decomposition of process biomass are included in C, the term that represents the cost of
processing. For the processes of invertebrate predation and vertebrate predation,
corresponding equations in the model for the realized specific growth rate of the process

biomass, respectively, are:

Fk) - C(k) - E(k) - V(K
r"d(k)‘___"ss() (k) - E(k) ‘(),and ©
x (k)
k) - C(k) - M
r (@), = a F (k) (k) *®) ’ D

xg(k)

where M(k) is the natural mortality rate for vertebrate predators at time k, and x4 and x; are
process biomasses for invertebrate and vertebrate predators, respectively. The realized
growth rate of the process biomass at time k is always equal to 7,,,(k)x;(k), where x; is the
biomass associated with the process under consideration. If the system is in a steady state
relative to the time resolution under consideration (i.e., energy inputs equal energy losses),
7,.a(k) (k) will fluctuate around a mean of zero.

Concepts related to the dynamics of autotrophic processes are similar to concepts

presented for consumer processes. When light energy, nutrients, and space are not limiting,
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P (B - Ck
r). = max , (8)
rpomwal( )7 x7 (k)

where P, is the rate of gross primary production when resources are in pnlimited supply.
Here, 7, 18 the specific growth rate of the periphyton assemblage in the absence of
grazing and when light energy inputs and the nutrient supply are optimum. Inthe M & C
Stream Model, 7,4, is a function of temperature. When resources vary with system

dynamics,

- C (K
",,,,,,(k)7 = Pgrou(k) ‘I( ) ) (9)

x, (k)

where P, is the realized rate of gross primary production. If the process represents the
function of autotrophic organisms only, the rate of net primary production at time k is
I'ora(k)%5(k). For aquatic ecosystems, it is often convenient to include the activities of tightly
coupled heterotrophic microorganisms within the process boundary, as in the case of
periphyton assemblages in the M & C Stream Model. If this is done, r,,,.,(k),x,(k) represents
a net elaboration of periphyton biomass -- not net primary production, and C,, the cost of
processing, expresses the integrated metabolic losses from the activities of both autotrophic
and heterotrophic microorganisms. Expressions analogous to equations (3) and (5) are:
P,..(® - C,(® - EB

k)., = , and 10
rczport( )7 x7 (k) an ( )
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P,.® - C,(®) - E® - H® 11

x, (k)

rrul(k)7 =

In this case, E, represents the rate at which periphyton biomass is exported from the
assemblage, H, is the rate at which periphyton biomass is consumed by grazers, and the other
symbols are defined above. For periphyton assemblages, r,,,; is the realized specific growth
rate of the periphyton biomass. In the model, the trajectory of this variable varies with
changes in parameters and system inputs.
Process Regulétion

The r-variables defined in the previous section provide a convenient basis for the
investigation of process regulatory mechanisms in large ecosystem models. As yet, the value
of such variables for use in field research is unexplored. For the M & C Stream Model,
regulatory effects associated with primary consumer processes (grazing, shredding, and
collecting) are found from equations 1 - 5, where

Towential = Tproa IS the regulatory effect of food resource limitation,

Torod = Temer S the regulatory effect of emergence losses;

Temer = Tprea IS the regulatory effect of invertebrate predation; and

Tored = Treat IS the regulatory effect of vertebrate predation.
To analyze state variable dynamics, Simply POt 7pumsats Torads Tamers Tiprea» @nd 7,5, against time
and examine the areas between the curves relative to a plot of the corresponding state
variable. Relationships for the process of invertebrate predation are the same with the

exception that
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Tomer = Treat IS the regulatory effect of vertebrate predation,
and the r,,, term is eliminated. For vertebrate predation,

Tootentiat = Treat 15 the regulatory effect of food resource limitation and natural mortality,
and for the periphyton assemblage,

Tyosensiai = Tnproa 1S the regulatory effect of light energy and nutrient limitation;

r

worod = Texpon 15 the regulatory effect of periphyton export;

Tepon = Trea 1S the regulatory effect of grazing.
In summary, plots of r-variables can provide useful insights into model behavior, and if used
to help understand state variable dynamics, also can serve as a basis for generating hypotheses
that relate to regulatory mechanisms in natural streéms.
An Example

The r variables introduced in the sections above can be specified as output variables (y
variables in the FLEX notation) for simulation runs with the M & C Stream Model. To
generate an example of this output, type
C:\MODEL\STAND > stream (return)

After the CMD > prompt is displayed on the screen, type

CMD > read=stream.cmd (return)
CMD > dfile=grazer.dmp (return)
CMD > dint=1 (return)
CMD > dset=x(2),y(1,15:18) (return)
CMD >run (return)

The run command will produce the same screen output generated by the commands described
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for the Standard Run on page 11. However, in this case, a separate dump file
(GRAZER.DMP) will be stored in the MODEL\STAND subdirectory or in any other
directory or subdirectory specified by the dfile command. GRAZER.DMP contains 7
columns of numbers with 361 rows representing, from left to right, the day number O to
360), grazer biomass [x;(k)], [Tyueniaik)2)s [Toraa(®)2l [Temer(®)2), [Fipreafk);], and [r,u(k);]. In
this example, the state variable(x,) and the r-variables correspond to the process of grazing.
In the M & C Stream Model, all r variables are calculated as y functions and are treated as
output variables that are available to the user through the sset (screen output), pset (output
file), or dset (dump file) commands. A list of r-variables and their corresponding y variables
are presented in Table 2 for the processes of grazing, shredding, collecting, invertebrate
predation, vertebrate predation, and primary production. Also, the user can refer to the
mathematical documentation for y functions on pages 177-186 of Appendix I.

Table 2 can be used to determine the y variables required for any or all of the six
major biological processes represented by the model. The example above lists commands
corresponding to the process of grazing. If the user wants to examine the process of

shredding in detail, the d commands are

CMD > dfile=shred.dmp [or any desired name] (return)
CMD > dint=1 (return)
CMD > dset=x(3),y(18:23) . (return)

Of course, the output can include more than one process. If the processes of collecting,
vertebrate predation, and primary production are under investigation, the dump file is
specified by
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CMD > dset=x(4,5,7),y(24:28,33,36,37:41)

(return)

In the examples above, the requested time resolution for the dump file is one day, because

this resolution will give the smoothest possible curve in a plot of the variables against time.

Table 2. A list of r variables and their corresponding y functions for the major
biological processes represented by the M & C Stream Model. The table also
indicates the page in the mathematical documentation that corresponds to each
y function.

Process r-variable y-function Documentation

Page

Grazing Tooteniiat(K)2 Y2 177
y prod ﬂ() 2 Yis 177
T aner”{) 2 Yie 178
Torea(k)2 Y17 178
Treat(K): Yis 178
Shredding potentaal®)3 Yis 179
Torad(K)s Y20 179
T emer(K)s Ya 179
r l;vrad(k).? Y22 180
Treat(K)s Y2 180
Collecting Tooiendai(%) 4 Y24 180
Torodlk) 4 Yas 181
T, aner(k)4 Y 181
Tiorea(K) 4 Y27 181
T reat(k)s Yas 182
Invertebrate Tooteniai(K)s Y20 182
Predation Torod(K)s Y30 182
T emer(K)s Ys1 183
Treat(K)s Ys2 183
Vertebrate T potendiat(K) s Vi3 183
Predation 7 reat(®)s Y36 185
Primary Tpotensal(K) 7 Y37 185
Production T'norod(K)7 Yss 185
r export ﬂC) 7 }’ 40 1 86
Treat(K)7 Ya 186
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If the size of the dump file is larger than the user desires, the time resolution can be increased
to the desired interval with the dint command. Also, it may be desirable to eliminate row 1 of
the dump file before reading the file into a plotting program, as values at time zero are all set
to a zero value. |

Plots of state variables and corresponding plots of r-variables for the processes of
grazing, shredding, collecting, and invertebrate predation are presented in Figures 3, 4, and
5. These graphs were made by importing dump files generated by the Standard Run into
SIGMAPLOT, a product by Jandel Scientific Software (San Rafael, CA). Any software
graphics package that can import ASCII files can be used for plotting dump file output from
the FLEX model processor.

In Figure 3, the model predicts that grazer biomass, under conditions of the Standard
Run, is maximum early in the year (between days 50 and 100), is relatively low throughout the
summer months and early fall, and reaches another maximum in October. Mechanisms
accounting for this behavior are revealed in Figure 4A. In this plot, the area between the
curves representing 7,q,q, and 1,,,, is quite large compared to the areas between the other
curves on the graph, indicating that the process of grazing is primarily food resource limited,
particularly during the summer months when the riparian canopy reduces light energy inputs
into the system. In contrast, the processes of shredding and collecting are regulated more by
emergence losses and predation than by food resources (Fig. 4B and 5A), because areas
represented BY 7res = Troats Tomer = Tipreas A0 Tppog = T o, are greater during most of the simulation
period than the area represented bY 7 = Tprad-

37



Grazing
0.25

0.20
0.15
0.10
0.05 -
0.00

Specific growth rate (g g-1)

-0.05

-0.10 | | | | | 1 | |
0 50 100 150 200 250 300 350 400

Shredding
0.04

0.02 -

0.00 -

-0.02

-0.04 -

-0.06

Specific growth rate (g g™")

-0.08 r T 1 T l T T l
0 50 100 150 200 250 300 350 400

Days

Figure 4. A set of specific growth rates (see text ) generated from the Standard Run of Version I of
the MclIntire & Colby Stream Model for the processes of grazing (A) and shredding (B).
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Figure 5. A set of specific growth rates (see text) generated from the Standard Run of Version I of
M & C Stream Model for the processes of collecting (A) and invertebrate predation (B).
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One of the strengths of the r-variable analysis is that the curves can reveal temporal
changes in mechanisms that control state variable dynamics. For example, Figure 4B clearly
illustrates that the process of shredding during the Standard Run is controlled by emergence
losses and predation early in the year, expriences a brief period of food limitation, and then is
limited mostly by emergence losses for the rest of the year. The period of food limitation is
identified by the separation between the curves for 7., and r,,,; in this case, the curves are
the same except for the segment between days 125 and 160 (Fig. 4B). In the Standard Run,
the process of invertebrate predation exhibits a different pattern than the other processes: it is
influenced by emergence and vertebrate predation up until day 140 and then is mostly

controlled by the availability of food resources for the rest of the year (Fig. 5B).

THE M & C STREAM MODEL: HERBIVORY VERSION

Introduction

This section briefly describes the structure of the Herbivory Version of the M & C
Stream model and provides instructions for obtaining some representative output. This version
of the model is a modification of Version I that evolved in response to a research program
designed to investigate the process of herbivory in lotic ecosystems. This version also
illustrates the flexibility of the M & C Stream Model by providing an example of how
individual subsystems, in this case the Herbivory subsystem, can be expanded to meet the need
of a set of research objectives. In particular, model development involved the isolation of the
Herbivory subsystem of Version I and the elaboration of its mathematical structure in relation

to some recent experimental work with laboratory streams (Steinman and Mclntire, 1986;
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Steinman et al., 1987). The strategy used to develop the Herbivory Version of the M & C

Stream model involved:

1.

identification of the input variables related to the Herbivory subsystem of Version I of
the M & C Stream Model;

generation of input tables for the Herbivory subsystem from the Standard Run of
Version I of the M & C Stream model;

isolation of the Herbivory subsystem of Version I for modification and study;

a Standard Run of the Herbivory subsystem of Version I in isolation using the input
tables compiled from the dump files produced by step 2;

comparison of output from step 4 with corresponding output from the Standard Run of
Version I of the model to assure identical tracking between the isolated Herbivory
subsytem model and the Herbivory subsystem integrated into the total ecosystem
model;

utilization of new experimental results to modify and update the structure of the
isolated Herbivory subsystem model;

investigation of the updated Herbivory subsystem model in isolation from the total
ecosystem model (Version I) relative to selected parameters and inputs;

replacement of the old Herbivory subsystem in Version I with the updated version of
the Herbivory subsytem in the total ecosystem model; and

inveStigation of the updated total ecosystem model, referred to here as the Herbivory
Version of the M & C Stream Model, relative to selected parameters and inputs.

The Herbivory Version of the M & C Stream Model and supporting files included on the

enclosed diskette are found in the HERB subdirectory and allow the user to participate in the
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investigation of the updated total ecosystem model relative to changes in selected parameters
and input tables (step 9 above). A complete mathematical documentation of the Herbivory
Version is included in Appendix V (page 211).

In Version I of the M & C Stream Model , the Herbivory subsystem contains
subsystems that represent the processes of primary production and grazing (Fig. 1). The sﬁte
variable in each of these subsystems is the biomass that is involved in the corresponding
process at any time. New data from experimental work with laboratory streams (Steinman and
Mclntire, 1986, 1987; Steinman et al., 1987) allowed the state variable inside the Primary
Production subsystem to be partitioned into three new state variables that are related to the
taxonomic composition and successional state of the algal biomass. In this case, the state
variables represent the collective biomasses of filamentous and coenobic chlorophytes,
diatoms, and cyanobacteria (blue-green algae) along with epiphytic heterotrophic
microorganisms. In addition, data from recent feeding experiments by Lamberti ez al. (1995)
provide a preliminary basis for establishing a quantitative relationship between the relative
abundance of the three algal functional groups and the food consumption rates and assimilation
efficiencies associated with the process of grazing. |

In summary, the Herbivory Version of the M & C Stream Model now tracks the
successional trajectory and production dynamics of the algal assemblage as well as the
response of grazers to corresponding changes in food quality and quantity. This representation
also expresses the feedback control that the process of grazing has on successional changes

within the algal assemblage.
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Structure of the Herbivory Version of the M & C Stream Model

The Herbivory Version of the M & C Stream Model has 17 state variables. In addition
to the 14 state variables in Version I, the Herbivory Version has three other variables that
partition the periphyton biomass (x;) into three different taxonomic groups: diatoms (X15),
cyanobacteria (x,¢), and chlorophytes (x,;). In other words, X, = (X45 + X6 + Xy9).

The mathematical structure of the Herbivory Version of the model (Appendix V) is
essentially the same as the structure of Version I (Appendix I), with the exception of the
Herbivory subsystem which has been modified to introduce the three algal functional groups
and their influence on the process of grazing. A mathematical documentation and
programming details associated with the modifications in the Herbivory subsystem are
presented in Appendix V (page 211). The algorithm that introduces the new information into
the Herbivory subsystem has the following characteristics:

1. Primary production is modeled according to the mathematical relationships described by
MclIntire and Colby (1978). (Calculations of photosynthesis, respiratory expenditures,
and export losses are based on the total periphyton biomass -- not the biomass of
individual algal functional groups.)

2. The update increment from primary production is partitioned among the algal functional

groups acoofding to the following rules:

(@) If the irradiance is < 30 umol m? s™ or the periphyton biomass is < 2 g m?, the
update increment is 100% diatoms;

(b) If irradiance is > 30 and < 100 umol m? s, there is a linear relationship between
light energy and the proportion of diatoms and cyanobacteria in the update increment,

reaching a maximum of 19% cyanobacteria at 50 umol m? s when the periphyton
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biomass is 5 g m?;

(c) If irradiance is > 150 umol m? s, chlorophytes, diatoms, and cyanobacteria are all

part of the update increment; and

(d) At light saturation (> 300 umol m? s™), the periphyton biomass will eventually
assume a composition of 48% diatoms, 48% chlorophytes, and 4% cyanobacteria
when the periphyton biomass is > 45 g m>.

3. The assimilation efficiency and a food quality limiting factor associated with the process
of grazing are a function of the proportion of diatoms in the algal assemblage according to

the following rules:

(a) Assimilation efficiency is a linear function of the proportion of diatoms in the

assemblage, varying between 0.53 (48% diatoms) and 0.73 (100% diatoms); and

() A food quality limiting factor expressed as a proportional adjustment of the food
demand (i.e., the food consumption rate with an optimum diet and unlimited food
supply) is a linear function of the proportion of diatoms in the assemblage, varying
0.28 and 1.00, depending on the proportional abundance of diatoms and a parameter
that determines the impact of food quality on food consumption. The rate of grazing
is adjusted to the composition of the periphyton assemblage by multiplying the food
demand by the food quality limiting factor.

Simulation Procdures
This section describes the proced- ures for obtaining output from the Herbivory Version
of the M & C Stream Model. The behavior of the system with and without grazing and with

standard input tables for Version I of the model (page 8) is examined first. Next, a list of

selected parameters is introduced and described to help the user study other aspects of system

44



dynamics. Finally, examples of output generated by changing selected parameters and input
tables are provided along with corresponding energy budget tables. Simulation procedures
described in this section assume that the user is familiar with the material introduced for
Version I of the model in the earlier sections of this tutorial.

Log on the root directory of the C drive of your computer, insert the enclosed diskette

into the A drive slot, and type

C:\>cd model (return)
C:\MODEL >md herb (return)
C:\MODEL > cd herb (return)
C:\MODEL\HERB > copy a:\herb\*.* (return)
C:\MODEL\HERB > dir (return)

These commands create a new subdirectory for the MODEL directory and copy the files
needed to run the Herbivory Version of the M & C Stream Model on the new MODEL\HERB
subdirectory. The dir command provides a list of all files needed to run the Herbivory
Version. For this version, the input files are the same as those used to run Version I of the
model (see page 8 for a list and description).

To run the model, type

C:\MODEL\HERB > herb (return)
CMD >read=herb.cmd (return)
CMD >run ’ (return)
CMD>q (return)

These commands activate the FLEX model processor for the Herbivory Version of the model
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(HERB.COM). The read=herb.cmd command then reads in the command file for the

Standard Run of this version of the model, and the run command initiates the corresponding

simulation run. In this case, the command file is set up as follows:

line 1:
line 2:
line 3:
line 4:
line 5:
line 6:
line 7:
line 8:
line 9:

line 10:
line 11:
line 12:
line 13:
line 14:
line 15:
line 16:
line 17:
line 18:
line 19:
line 20:
line 21:
line 22:
line 23:
line 24:
line 25:
line 26:
line 27:
line 28:
line 29:
line 30:
line 31:
line 32:
line 33:
line 34:
line 35:
line 36:

LEVEL=1
1B(1:10)=0,1.39E-2,5.7E-2,-1,0,0.114,0.581,1.97E-4,-94.4,9.42E3
IB(11:20)=1.08E3,4.88E-2,8.83E-2,10.2,2.95E-3,1.07,0.633,1.1,1.6E2,1.5
1B(21:30)=4,0.8,1,4,0.5,0,0,3.5,3.5,0
IB(31:40)=9.95E-2,0.465,0.895,0.56,1.9,1.51,0.294,2.03,1.28E-4,1.28E-4
IB(41:50)=1.38E-3,1.38E-3,-1,0,0.187,2.33E-3,1.74E-2,0,0,0.3
IB(51:60)=0.86,0.1,1.87E-3,2.5E-3,2.6E-2,1.88E-2,0.42,0.82,0.05,100
1B(61:70)=0,0,0,3,0.01,2.8E-2,0.583,1.0E-3,0.5,1.92E-2
IB(71:80)=2.1E-3,0.7,0,7.4E-3,1.08E-3,0.1,0.4,2.68E2,2.95,0.187
IB(81:90)=1.46E-2,2.96E-2,1.46E-2,15,0.8,12,0.35,0.7,0.237,1.0E3
1B(91:100)=2.4E3,0.55,0.18,0.21,0,0.3,0.3,0.3,0.167,1

1B(101:107) =4.46E-3,4.46E-3,4.46E-3,-1,1.44E-4,0,5.85E-2
IB(108:114)=9.11E-4,1.99E-4,5.85E-2,-1,-1,-1,-1

IB(115:121) =3.0E-2,1.75E-2,2.5E-2,-2.83E-2,.849,1.0,.28
IX(1:11)=0,1.962,1.304,2.3,4.236,.194,.957,8.764,121.095,24.244,30.851
IX(12:17)=1.145,16.978,.668,.957,9.752E-7,1.643E-27
M(2:7)=0.0,0.0,0.0,0.0,0.0,0.0

TARGET

SSET=X(2:7,15:17)

SINT=30

SLIST

TSTOP=360

PFILE=HERB.OUT

PSET=X(2:7,15:17)

PINT=15

TABLE(1)=EXLITE

TABLE(2)=XNUTR

TABLE(3)=STRFLOW

TABLE(4)=SALLOC

TABLE(S)=FALLOC

TABLE(6)=GEMER

TABLE(7)=SEMER

TABLE(8)=CEMER

TABLE(9)=PEMER

TABLE(10)=STRTEMP

TABLE(11)=PHOTPER
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This file is similar to the command file set up for Version I of the model (page 17) with the
exception that seven new parameters (b;ys, bys6, b1175 Piig, Dires Diag, and by,,) are added as part
of the mathematical stucture that represents modifications to the Herbivory subsystem.
Moreover, the command file requests a print file entitted HERB.OUT that lists the biomasses
of the major consumer processes (X, X3, X4, Xs, and X¢) and the periphyton biomass (x;)
partitioned into diatoms (x,s), cyanobacteria (x,¢), and chlorophytes (x,,). Also, note that the
sint and pint commands set the time intervals for the screen and print file listings at 30 and 15
days, respectively. The input tables (Tables 1 - 11) are the same as those requested for the
Standard Run of Version I (see Appendix II for values); they can be changed at any time by
the user in response to research needs and the objective questions under consideration.

The output generated by the commands listed above henceforth is referred to as the
Standard Run of the Herbivory Version of the M & C Stream Model. To plot state variables
from this run, it is necessary to set up a dump file that can be used as an input into a graphics
program (e.g., SIGMAPLOT or a spreadsheet package such as QUATTRO PRO). To

generate a dump file for the Standard Run of the Herbivory Version of the model, type

C:\MODEL\HERB > herb (return)
CMD >read=herb.cmd (return)
CMD > dfile=herbgraz.dmp (return)
CMD > dint (return)
CMD > dset=x(2:7,15:17) (return)
CMD>q (return)

These commands will produce screen output, a print file entitted HERB.OUT, and a dump file
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entitled HERBGRAZ.DMP. The print file contains the run title, a list of parameters and input
tables, initial values for state variables as well as a list of requested variables at the time
resolution designated by the command file, in this case x,, X3, X,, X5, X¢, X7, X;5, X6, and Xx,, at
a time interval of 15 days (see the HERB.CMD command file listed above). The dump file
contains only the requested variables, which in this case are the same as the print file at a ﬁme
resolution of 1 day. In our example, the dump file was set up in the command mode of the
model processor. However, the user also has the option of adding the same set of commands
to the command file. Usually, it is convenient to include commands that will be used for more
than one simulation run in the structure of the command file, and then, after entering the
command mode of the model processor, introduce commands that are used only once .

An energy budget for the Standard Run of the Herbivory Version of the M & C Stream
Model can be obtained by using the program HERBTAB.COM. This program and its
corresponding command file HERBTAB.CMD are similar to HERB.COM and HERB.CMD,
respectively, but in addition, these files are used to calculate and request the variables that are
required to run BUDGET.COM, the same energy budget program that was introduced with
Version I of the model. For comparison of the command files, the user can print out

HERBTAB.CMD and HERB.CMD by typing

C:\MODEL\HERB > print herbtab.cmd (return)
C:\MODEL\HERB > print herb.cmd (return)

To obtain and energy budget for the Standard Run of the Herbivory Version of the Model with
grazing, type
C:\MODEL\HERB > herbtab : (return)
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CMD > read=herbtab.cmd (return)
CMD >run (return)
CMD>q (return)
As in the case of Version I, these commands will result in a dump file entitled STREAM.DMP
which represents the input information required to run BUDGET.COM. The file containing |
the output from BUDGET.COM is called STREAM.TAB and is produced by typing
C:\MODEL\HERB > budget (return)
At this point, the user is prompted for a simulation number (or run title): "Please enter the
simulation number." A corresponding reply might be: (space) Standard Run With Grazing.
After the reply, the program executes and stores the desired budget in the file STREAM.TAB.
The user can get a listing of the budget file by typing
C:\MODEL\HERB > print stream.tab (return)
It is recommended that the user delete STREAM.TAB and STREAM.DMP after each run to
save space on the hard disk.

As another example, run the Herbivory Version of the model again, this time without

the process of grazing. This is done by setting the initial value of the grazer biomass (x;)

equal to zero by typing

C:\MODEL\HERB > herb (return)
CMD > read=herb.cmd . (return)
CMD >ix(2)=0 (return)
CMD > tstop=7200 (return)
CMD > sset=x(2:17) : (return)
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CMD >sint=360 (return)
CMD >run (return)
This part of the run allows the system to converge to a new steady state. This is necessary
because the initial values for state variables introduced by the command file (HERB.CMD) are
the steady state values for the system when the process of grazing is active -- not when the-
system is running without grazing. Therefore, it is necessary to find the new steady state
values by allowing the model to run for a longer period. In this case, a period of 7200 days
(20 years) is sufficient to allow the system to converge to a steady state. However, in other
cases, changes in model inputs and parameters may require a longer period before steady state
values are found. The screen output is set for the interval of 360 days (1 year) so that the user
can observe changes in the initial state variable values at the beginning of each year.
Furthermore, it is necessary to request that the screen output include values for all 16 state
variables (x, - X;7).

After day 7200 is reached, the simulation stops. At this point, the user must either
print the screen or copy down the values listed for the state variables corresponding to day

7200. The next step is to press the return key and type

CMD > reset (return)
CMD > tstop=360 (return)
CMD >sint=15 (return)

CMD > ix(2:9)=0,1.328,3.289,3.194,6.192E-2,20.544,6.74,126.009  (return)
CMD > ix(10:14) =25.027,30.851,1.145,16.978,.668 (return)
CMD >ix(15:17)=13.881,2.282,4.381 ‘ (return)
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CMD > dfile=herbwout.dmp (return)

CMD >dint=1 (return)
CMD > dset=x(2:7,15:17) (return)
CMD >run (return)

These commands will generate a new Standard Run, in this case, a 1-year simulation without |
grazing after the system has converged to steady state behavior. Again, steady state behavior
simply means that the system will exhibit repeatable dynamics as long as the inputs and
parameters are not changed. In the case of the Standard Run with or without grazing, the
system exhibits an annual cycle such that the state variable values return to their initial values
at the beginning of each year. With certain changes in parameters or input tables, the model
may exhibit repeatable cycles of 2, 3, or even 4 years because of lag effects.

To obtain an energy budget for the Standard Run without grazing, type
C:\MODEL\HERB > herbtab (return)
CMD >read=herbtab.cmd (return)

CMD >ix(2:9)=0,1.328,3.289,3.194,6.192E-2,20.544,6.74,126.009  (return)

CMD >ix(10:14)=25.027,30.851,1.145,16.978,.668 (return)
CMD >ix(15:17)=13.881,2.282,4.381 (return)
CMD >run (return)
CMD>q (return)

These commands will produce another dump file (STREAM.DMP) that can be used as input
into the energy budget program BUDGET.COM (see pages 48-49 for commands). (Note:
unless the dump file name is changed in the command file HERBTAB.CMD, a new dump file
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STREAM.DMP will be written over any previous dump file with the same name.)
Examples of Output from the Standard Run

Plots of state variables for the Standard Run of the Herbivory Version of the model
with and without grazing are illustrated in Figures 6, 7, and 8. Corresponding energy budgets
are listed in Appendix VIII (page 236). Plots for this tutorial were designed by the prograrﬁ
SIGMAPLOT (Jandel Scientific) after importing the dump files obtained from the simulation
runs described above.

Output from the Standard Run with grazing indicates that diatoms dominate the algal
assemblage when the system is in a steady state and the process of grazing is in equilibrium
with available food resources (Fig. 8A). In this case, the model predicts that the algal biomass
turns over about 62 times each year, and that annual gross primary production, expressed as
organic matter, is 112.56 g m? of which green algae and cyanobacteria contribute only 3%
(Appendix VIII). With the standard set of inputs, annual production of herbivore biomass is
7.2 g m ? (organic matter), with a corresponding tumovef of 3.7 times per year (Appendix
VIII).

In the absence of grazing (i.e., grazer biomass remains zero), the Standard Run
predicts that the annual mean algal biomass is 20 g m?, and that all three algal groups are
prominent in the spring and fall of the year (Appendix VIII, Fig. 8B). Without grazing,
annual gross primary production is 530 g m? of which the diatoms, chlorophytes, and
cyanobacteria account for 73.3%, 19.3%, amd 7.4% of this total, respectively.

Corresponding annual turnover numbers for these groups are 14.4, 16.1, and 19.4 times per
year. Furthermore, annual energy losses from the algal assemblage, without grazing, partition
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Figure 8. Seasonal dynamics of state variables representing the algal functional groups in

the Herbivory Version of the M & C Stream Model. The graph depicts a Standard
Run with (A) and without (B) grazing.
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into 41.8% respiration, 41.9% particulate export, and 16.4% DOM leakage. In contrast, the
Standard Run with grazing indicates that 61.3% of annual gross primary production and
71.7% of annual net periphyton production are consumed by herbivores; corresponding losses
from respiration, particulate export, and DOM leakage are 16.4%, 24.0%, and 3.1% of gross
primary production, respectively. In the latter case, diatoms lose 62.8% to grazing, while
chlorophytes lose only 49.5%, a manifestation of the effects of the food quality limiting factor
on consumption rates.
Manipulations of Input Tables and Parameters: Some Examples

In this section, examples of manipulations of parameters and input tables are provided
to give the user a chance to practice using the model for addressing a specific set of objective
questions. For convenience, the selected parameters listed on pages 20-21 are relisted below
along with three new parameters that are introduced in the examples that follow. After
working through the examples, the user can create a new set of simulation runs by changing

some of the input tables, the parameters below, or some of the other parameters listed in

Appendix I and Appendix V.
Parameter Standard Value Explanation
by, 0.55 grazer assimilation ratio
by, 0.18 shredder assimilation ratio
by, 0.21 collector assimilation ratio
bss 0.82 invertebrate predator assimilation ratio
b, 0.86 vertebrate predator assimilation ratio
b, 0.7 g m? algal refuge parameter
by 0.3 gm? grazer refuge parameter
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by, 0.3 g m*? shredder refuge parameter

byg 0.3 gm? collector refuge parameter

b, -1 constant temperature

b 1.0 grazer food demand multiplier

b3 -1 constant irradiance

b -1 constant NO, (nutrient) concentration

b4 -1 constant allochthonous input (slow lag time)
bios -1 constant allochthonous input (fast lag time)
b2 1.0 irradiation multiplier

b 0.28 food quality limiting factor minimum

Example 1: The Algal Refuge Parameter

Assume that you are interested in investigating the response of the model to the
protection of the algal food resource from the effects of grazing. Mechanisms in natural
streams that could account for such protection include substrate heterogeneity (i.e., access to
the resource) and differences in grazer mouthpart morphology. Of course, the qualitative
nature of the algal food resource, which is related to age and taxonomic composition, is also
involved; but in the Herbivory Version of the model, effects of food quality are controlled by
a separate parameter (b,,,) explained on page 68.

In the Standard Run of the Herbivory Version of the model, the algal refuge parameter
b,, is set at 0.7 g m>. This means that when the algal biomass is 0.7 g m? or less, the
resource is not available for wnsuﬁpﬁon by grazers. In other words, the biomass available to
grazers is always X, - by, or in this case x, - 0.7 g m™. To arbitrarily increase the algal refuge

from 0.7 to 4.0 g m?, type

57



C:\MODEL\HERB > herb (return)

CMD >read=herb.cmd (return)
CMD >ib(72)=4.0 (return)
CMD > sset=x(2:17) (return)
CMD > tstop=7200 (return)
CMD > sint=360 (return)
CMD >run (return)

After copying down the steady state values for the state variables, press the return key and

type

CMD > reset (return)
CMD > tstop=360 (return)
CMD >sint=1§ (return)
CMD > sset=x(2:7,15:17) (return)

CMD > ix(2:9) =4.656,.915,.968,5.291,.483,5.727,9.19,151.848 (return)

CMD >ix(10:14) =29.428,30.851,1.145,16.978,.668 (return)
CMD >ix(15:17)=5.141,.586,1.156E-17 (return)
CMD > dfile=refuge4.dmp (return)
CMD >dint=1 (return)
CMD > dset=x(2:7,15:17) (return)
CMD >run (return)
CMD>q (return)

After leaving the FLEX model processor the user can print and examine the print file
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HERB.OUT, and then generate plots of state variables by importing the dump file
REFUGE4.DMP into a plotting program of choice. Plots of state variables for this run are

illustrated in Figures 9 and 10A. A corresponding annual energy budget for this simulation

run is obtained by typing

C:\MODEL\HERB > herbtab (return)
CMD > read=herbtab.cmd (return)
CMD >ib(72)=4.0 (return)

CMD > ix(2:9) =4.656,.915,.968,5.291,.483,5.727,9.19,151.848 (return)

CMD > ix(10:14) =29.428,30.851,1.145,16.978,.668 (return)
CMD >ix(15:17)=5.141,.586,1.156E-17 (return)
CMD >run (return)
CMD>q (return)
C:\MODEL\HERB > budget (return)
(Enter run title) (return)

To continue the investigation of the effects of changing the algal refuge parameter, set

b,, equal to 10 g m? and make another simulation run. In this case, the commands are

C:\MODEL\HERB > herb (return)
CMD >read=herb.cmd (return)
CMD >ib(72)=10.0 (return)
CMD > tstop=7200 (return)
CMD > sint=360 (return)
CMD > sset=x(2:17) o (return)
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Herbivory Version of the M & C Model
(Standard Inputs; Algal Refuge = 4 g m?)

15
A.
< 12 -
'E —— Diatoms
o 9 ——- Cyanobacteria
;; -------- Chlorophytes
8 o
£ /V
. —
m 3
0 e — T L
0 60 120 180 240 300 360
Herbivory Version of the M & C Model
(Standard Inputs; Algal Refuge = 10 g m?)
25
—— Diatoms
& 20 - B. ——- Cyanobacteria
e | Ji s~ N\ | Chlorophytes
2 15 .
7)) p
S 10
£
.0
m 5
7R
T . / \'\-\ ———
Tmmts v s mmow
0 e | | 7
0 60 120 180 240 300 360
Day

Figure 10. Seasonal dynamics of state variables representing the algal functional groups in
the Herbivory Version of the M & C Stream Model. The run conditions are:

algal refuge equal to 4 g m™(A) and 10 gm? (B).
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CMD >run (return)

(Write down state variable values for day 7200) (return)
CMD > reset (return)
CMD > tstop=360 (return)
CMD >sint=15 (return)
CMD > sset=x(2:7,15:17) (return)

CMD > ix(2:9)=2.692,1.458,1.715,3.263,.65,15.053,11.946,113.285 (return)

CMD > ix(10:14) =22.832,30.851,1.145,16.978,.668 (return)
CMD >ix(15:17)=11.589,1.642,1.822 (return)
CMD > dfile=refugel10.dmp (return)
CMD >dint=1 (return)
CMD > dset=x(2:7,15:17) (return)
CMD >run (return)
CMD>q (return)
C:\MODEL\HERB > herbtab (return)
CMD > read=herbtab.cmd (return)
CMD >ibh(72)=10.0 (return)

CMD > ix(2:9)=2.692,1.458,1.715,3.263,.65,15.053,11.946,113.285 (return)

CMD >ix(10:14) =22.832,30.851,1.145,16.978,.668 (return)
CMD >ix(15:17)=11.589,1.642,1.822 (return)
CMD >run (return)
CMD>q " (return)
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C:\MODEL\HERB > budget (return)

(Enter run title) (return)

The corresponding plots of state variables for an algal refuge of 10 g m? are illustrated in
Figures 10B and 11.

If these simulation runs are continued until an entire set of refuge values ranging from
the standard value (b,, = 0.7 g m?) to a value at which the system no longer supports grazing
(by, = 15.0 g m?), it is possible to determine the refuge value that optimizes grazer production .
(Fig. 12A) and the production of other consumer functional groups (Fig. 12B). With the
standard set of inputs, annual grazer production and annual mean biomass of grazers are
gre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>