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located on the north slope of Alaska, USA to test a recently developed first-order approx-
imation model. The model employs a flow analysis-type approach, but uses first-order
approximations between annual mean compartment stocks and environmental drivers of
temperature, discharge and solar radiation. Consequently, the model is more robust and
requires fewer observations than standard process-oriented models, and can utilize obser-

Keywords: vations that are difficult to incorporate into process models. Unlike standard inverse models,

Inverse model we show that our model is capable of prediction provided sufficient data are available for
Ecosystem modeling model calibration and environmental drivers are known. The results show that the inter-
River ecosystem annual variations of several components in the Kuparuk River ecosystem, including dissolve
inorganic phosphate, chironomids, black flies and Arctic grayling, can be accurately approx-
imated as a linear function of temperature, discharge and solar radiation. In particular, the
model indicates that changes in river habitat brought about by proliferation of the moss
Hygrohypnum spp. in the P-fertilized reach caused a temporary shift in flow paths support-
ing Arctic grayling from primary producers to detrital-based pathways. However, after moss
establishment, primary producer flow paths to Arctic grayling returned and detrital-based
pathways weakened.

© 2007 Published by Elsevier B.V.

1. Introduction models that operate on short time scales (hours to days). This
paper investigates the inter-annual dynamics using a recently

The Kuparuk River in Arctic Alaska is part of the developed first-order approximation model (Wan and Vallino,

Arctic Long-Term Ecological Research (LTER) site
(http://ecosystems.mbl.edu/ARC/). One of the objectives
of the Arctic LTER program is to predict how the ecosystem
will respond to changes in environmental drivers that result
from global change. Prediction is generally realized through
detailed, process-oriented models where flows between
trophic compartments are governed by mechanistic growth

2005, hereafter referred to as WV2005) that requires less
information than conventional process-oriented models.
Starting in 1983, the Kuparuk River has been intensively
investigated to study the long-term response of the river to
phosphate enrichment. Over 30 papers have been published
on the ecology of this fourth-order Arctic tundra stream.
Most of these investigations have focused on the effects of
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the long-term fertilization on separate trophic levels, includ-
ing the effects on bacteria (Ford et al., 1989), epilithic diatom
(Hullar and Vestal, 1989; Bowden et al., 1992; Miller et al,,
1992; Peterson et al.,, 1993; Hershey et al.,, 1997; Harvey et
al., 1998; Arscott et al., 1998), bryophytes (Bowden et al., 1994;
Finlay and Bowden, 1994; Harvey et al., 1998; Arscott et al,,
1998; Slavik et al., 2004), insects (Hiltner and Hershey, 1992;
Hinterleitner-Anderson et al., 1992; Rublee and Partusch-
Talley, 1995; Hershey et al., 1988, 1993; Harvey et al., 1998)
and fish (Deegan and Peterson, 1992; Deegan et al., 1997,
1999; Harvey et al., 1998). Although these investigations greatly
advanced our understanding of the system, the research fol-
lowed a standard empirical three-step approach of observing,
comparing and concluding. The standard three-step approach
constitutes a first level analysis of the ecosystem and pro-
vides basic understanding of trophic interactions. However,
because of the complexity of ecosystem processes, spatial het-
erogeneity, and fast dynamics, the three-step approach does
not elucidate multiple or indirect interactions that can be
very important. To account for these interactions, it is nec-
essary to develop an ecosystem model. But the model must
take into account that all processes active in an ecosystem
may not be observable due to under sampling, lack of meth-
ods, or sampling methods that are difficult to incorporate into
mathematical models.

In the case of the Kuparuk River, we have three challenges
in developing a process-oriented model. First, some processes,
which may significantly influence the ecosystem, have not
yet been investigated thoroughly. For example, how discharge
influences the sloughing process of the epilithic diatoms and
the drift of insects is not well understood. A second concern
is sampling frequency. We have nearly continuous informa-
tion on some chemical and biological variables, but we lack
continuous observations of microbes, moss, green filamen-
tous algae, benthic detritus and particulate organic matter.
Third, due to logistic difficulties, sampling schedules are spo-
radic, which means some ecosystem dynamics may not be
captured by observations. Detailed process-oriented models
describe the dynamics at all time scales, but they often focus
on short time scales (hours to days) and therefore require high-
frequency data for model validation. Since we are interested
in long-term prediction, focusing instead on inter-annual
cycles significantly reduces model complexity and data
requirements.

Wan and Vallino (2005) formulated an inverse model with
the following assumptions: (1) the long-term mean state of
an ecosystem exists and is a basin of attraction provided
environmental drivers stay within some boundaries, (2) the
annual mean state is a minor bias from the long-term mean
state, and (3) inter-annual dynamics linearly relate to the
annual mean environmental drivers. Consequently, annual
mean anomalies from long-term means for state variables
can be approximated by linear responses of the environ-
mental drivers annual mean anomalies from their long-term
mean values. The first-order approximation of the ecosys-
tem response to environmental drivers is able to describe
the major inter-annual dynamics with yearly time resolu-
tion. This inverse model facilitates our primary objective of
understanding ecosystem dynamics from available observa-
tions, but has the advantage that it can predict ecosystem

state into the future given the appropriate environmental
drivers. The modeling approach worked well with model
generated observations and drivers (WV2005). This investi-
gation of inter-annual dynamics in the Kuparuk River is the
first application of the theoretical model with experimental
observations.

The general implementation of the model is explained in
WV2005, but is briefly summarized here. First, food web con-
nectivity and the dependencies of each material flow must
be specified (see Egs. (25) and (29) in WV2005). For instance,
in a standard NPZD model, N flows into P, which depends
on N and P concentrations as well as temperature and light.
Expert understanding of the ecosystem is critical to derive
a conceptual model that accurately captures flow dependen-
cies to at least first order. Because the conceptual model is
based on a linear approximation, it can be inverted so that
proportionality parameters can be derived from long-term
means of observed state variables and environmental drivers
and their annual mean deviations there from (e.g., Egs. (30)
and (31) in WV2005). Once model parameters are obtained
from solution of the inverse problem, ecosystem responses
can be forecasted provided environmental drivers with annual
means are available for the period of interest (e.g., Eq. (32)
of WV2005).

2. Site, food wed and measurement
description

The upper Kuparuk River in Arctic Alaska is a fourth-order
cobble bottom tundra river. It is studied as part of the
Arctic LTER program and has been described previously
(Kriet et al,, 1992; Hershey et al, 1997; Wollheim et al,
1999; Slavik et al., 2004). In brief, the Kuparuk River orig-
inates in the foothills of Brooks Range, Alaska, U.S. and
flows north to the Arctic Ocean. The intensively studied
section of the river covers a 1.5km fertilized reach and
a 1.5km reference reach. Since 1983, phosphate (P) has
been added to the fertilized reach at a constant rate dur-
ing the growing season (ca. 1 July-15 August) of each year
to elevate P to approximately 0.3 .M above ambient lev-
els at mean summer discharge (Slavik et al., 2004). The
mean width in both reaches is approximately 17m and
the mean depth is approximately 0.4m. Both reaches con-
sist of 50% pool and 50% riffle runs (Wollheim et al,
1999).

The Kuparuk River ecosystem was previously grouped
into 17 nitrogen compartments (Wollheim et al., 1999). This
food web may be similarly represented with 17 phosphate
compartments (Fig. 1), as phosphate is the limiting nutrient
(Hullar and Vestal, 1988). The lower trophic level includes
dissolved inorganic phosphate (DIP), dissolved organic phos-
phate (DOP), suspended particulate organic phosphate (SPOP),
epilithic detritus (EDET) and benthic detritus (BDET). Primary
producers include epilithic diatom (DIA), filamentous algae
(ALG), moss (MOS), diatom growing on Orthocladius’ feeding
tube (T-D). Insects include Baetis (BAE), black flies (B-F), chi-
ronomids (CHI), Brachycentrus (BRA) and Orthocladius (ORT).
The top consumers include Rhyacophila (RHY), young-of-the-
year grayling (YOY) and adult grayling (A-G). The food web
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Fig. 1 - Kuparuk River food web based on observations.
Abbreviations: DIP, dissolved inorganic phosphate; DOP,
dissolved organic phosphate; SPOP, suspended particulate
organic phosphate; EDET, epilithic detritus; BDET, benthic
detritus; DIA, epilithic diatom; ALG, filamentous algae;
MOS, moss; T-D, diatom growing on Orthocladius’ feeding
tube; BAE, Baetis; B-F, black flies; CHI, chironomids; BRA,
Brachycentrus; ORT, Orthocladius; RHY, Rhyacophila; YOY,
young-of-the-year graylings; A-G, adult graylings.

connections are summarized as follows: DIA is the primary
food supplier to insect communities because ALG and MOS
are not significantly grazed by insects. T-D is only grazed
by ORT. BAE grazes DIA. CHI grazes both DIA and BDET.
Both BRA and B-F feed on SPOP. Both YOY and A-G feed
on BAE and CHI, but A-G also feeds on BRA. RHY feeds on
CHI.

In the long-term fertilization experiment begun in 1983,
DIP, DIA, BAE, CHI, BRA, B-F, ORT, RHY, YOY, A-G are mea-
sured almost every year, but measurements of DOP, BDET,
EDET, SPOP, ALG, MOS and T-D are sporadic (Slavik et al., 2004).
Flow analysis shows that DIA consumes 90% of DIP, while
ALG, MOS and T-D consume the remaining 10% (Wollheim
et al,, 1999). Thus, we removed ALG, MOS and T-D from the
food web since we do not have annual measurements. As ORT
and RHY have low biomass, we ignored their influence on the
food web. Because YOY and A-G have similar feeding charac-
teristics, we aggregated them into a single fish compartment
(FIS). Although we do not have annual measurements for SPOP,
SPOP was found to correlate closely with discharge (Peterson et
al., 1992). Discharge, temperature and solar radiation are con-
tinuously measured during the long-term experiment. Since
we do not have annual data for DOP, BDET and EDET, we use
a zero-order approximation to estimate their influence on the

rest of the food web, by assuming they are constant. By defini-
tion, constant fluxes mean zero annual bias. The inter-annual
dynamics in the first-order approximation inverse model are
not influenced by fluxes with zero annual bias (WV2005).
Therefore, when we remove DOP, BDET and EDET from the
food web, it equates to taking a zero-order approximation,
which in this case is the best estimation we can make with-
out annual data, but this does not imply their connection to
the food web does not exist. The above modifications resulted
in a simplified food web (Fig. 2) that captures the main inter-
annual phosphate dynamics in the Kuparuk River given our
constraints on observations.

The simplified food web (Fig. 2) contains seven ‘white com-
partments’ (compartments which are annually observed), DIP,
DIA, BAE, CHI, BRA, B-F, FIS, and two ‘grey compartments’
(compartments which are only sporadically observed), DOP
and SPOP. Fluxes f1, f2, fs, fs, fe, f7, fs, fo, represent the major
growth processes. Flux fs represents the sloughing process
of DIA due to discharge that greatly impacts DIA dynamics
(Wollheim et al., 1999). Fluxes fi, (i=2, 3, 8, 9, 12) represent
animal waste production to DIP. Fluxes fy, (i=1, 2, 3, 8, 9, 12)
represent animal waste production to DOP. Fluxes fi. (i=2, 3,
8, 9, 12) represent animal waste production to SPOP. Fluxes
f10, f11 and f13 represent the net advective transport of DIP,
SPOP and DOP to the reach, respectively. Fluxes fra, frp, and frc
stand for total annual waste production to DIP, DOP and SPOP,
respectively.

3. The first-order approximation inverse
model

We define the symbols fjlp, ﬁ]A, EAE, EIHI, BRA, E_F, ?IS: épop, ﬁop,
T, 1 and D to stand for the annual mean values of DIP, DIA, BAE,
CHI, BRA, B-F, FIS, SPOP, DOP, temperature (T), light (L) and dis-
charge (D), respectively. Similarly, Dip, Dia, Bag, Cui, Bra, B-r,
Fis, Spop, Dop, T, L and D stand for the long-term mean values
and Djp, Dja, Bygs Ciqp Bra» B'ps Fig» Spops Dops T'» L', D stand for
the annual mean deviation from the long-term mean values,
respectively. Hereafter, we generally use X, X, X' to stand for
the annual mean, the long-term mean and the annual mean
deviation from the long-term mean, respectively; X = X + X'.
To apply the first-order approximation inverse model, we must
determine the primary dependencies of each flux based on
our understanding of the ecosystem. Flux f1 characterizes the
nutrient uptake process of the epilithic diatom. The direct
dependences of f; are assumed to include DIP, DIA, T and
L. Flux f, characterizes Baetis feeding on epilithic diatom, so
includes dependencies on DIA, BAE, T and D. Flux f3 character-
izes chironomids feeding on epilithic diatoms, which depends
on DIA, CHI, T and D. Flux f; characterizes epilithic diatom
sloughing to SPOP, so depends on DIA and D. Flux fs charac-
terizes fish feeding on BAE, which depends on BAE, FIS, T and
D. Flux fg characterizes fish feeding on CHI, which depends on
CHI, FIS, T and D. Flux f; characterizes fish feeding on BRA,
which depends on BRA, FIS, T and D. Flux fg stands for Brachy-
centrus filtering of SPOP, so depends on BRA, T and D, since
SPOP is a function of D. Flux fy characterizes black flies filter-
ing of SPOP, which depends on B-F, T and D. Based on these
assumptions, the annual mean deviations of the major fluxes



100 ECOLOGICAL MODELLING 211 (2008) 97-112

FIS

......%4.%}.

: £, i :
: i SPOP :
s . -
: DIA |4afs R
E E E .(g}. * DOP 13 .
: £ :
@ ........ | DIP

Fig. 2 - Simplified food web used to model Kuparuk River consisting of seven ‘white’ compartments and two ‘grey’
compartments. Abbreviations: FIS, both young and adult graylings; other symbols are same as in the caption of Fig. 1.
Circled numbers 1-3 represent connections to DIP, DOP, and SPOP, respectively. The red box indicates autotrophic-based
support of FIS, while the blue box highlights detrital-based support of FIS. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

f1—fo from their long-term mean values may be expressed, fol-
lowing Egs. (25) and (28) in WV2005, as

D D
fi = c11Djp + 12D} + €13 %T/ +ei %L

D D
le = CleiA + CQQBAE + 23 %T, — Co4 éA D',

D D
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D
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, B B
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B_ B_ D
fg/ = C91BLF + Coo _F T + co3 DF D, fl/o =C101 %D/ (1)

where ¢; (i, j=1, 2,...,10) are model parameters. In addition,
we assume production linearly correlates with consumption,

which may be expressed as

fu_fo_fu_fa_fm_,
o fs fo fo fu ¥
fo _fao _feo _foo _ fimw _
fo s fo fo fi2
foe  fae  fee  foc _ fioc

E_E_f?_f?_ﬁ—z:cc fio=fs+fe+f7 )

Cp,

where c,, ¢, and ¢ stand for animal DIP, DOP and SPOP waste-
to-consumption ratios, respectively. According to the food
web connectivity (Fig. 2), the first-order approximation inverse
model may be written, following Eq. (29) in WV2005, as

fi
-1 a a 0 o a o aal fZ: Dpp
B -1-1-10 0 0000 ff D},
0y 00-10 0000 f‘j Bjp
00y 00-10000 ff =| ¢y
0000 0 O0-<-1y00 f‘f B,
000 00O O00O0yO0 f7, B,
0 00 0 y y 000 J: Fjg

fs

flo
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where a=ca, =1—c, and v=1—cy — ¢y — Cc. Replacing f;’ (i=1,
2,...,10)in Eq. (3) with Eq. (1), we can formulate a linear matrix
equation (Eq. (A1), Appendix A) with respect to the unknown
first-order approximation model parameters, ¢;. Once the
unknowns, cjj, are determined from available data, Eq. (A1) is
converted to a prediction model with respect to unknowns,

Dip, Dias Bigs Ciyp Bras B'p and Fig (Eq. (A2), Appendix A).

4, Data

The Kuparuk River is located within the Arctic Circle (68°38'N,
149°24'W). It is completely frozen from October to May, with
the growing season from early June to late August. Thus,
the annual mean concentrations are defined as the aver-
age over the growing season. The annual mean values were
derived from field measurements in summer (Slavik et al.,
2004). The data used for model development and calibration
include the drivers of temperature, T (°C), light intensity, L
(Wm~2), and discharge, D (m3s~1), as well as observations of
DIP (wgPL™1), DIA (ngChlcm~2), insect (BAE, CHI, BRA, B-F)
densities (abundancem~2) and A-G and YOY annual weight
increment (gday—'). Although the original data have differ-
ent units, they were converted into area-specific phosphate
concentrations (mmol Pm~2). DIP, DIA, insect density and fish
weight increments were converted into area-specific N con-
centrations with the conversion factors given by Wollheim et
al. (1999, Table 1), then converted to P concentrations with con-
version factor of N:P=16. The area-specific P concentrations
from Slavik et al. (2004) represent the organism concentration
averaged over the habitat area where the organisms are found;
they are not averaged over the entire reach. Consequently,
the habitat area must be approximated to obtain area-specific
concentrations based on the entire reach. This is particularly
important for organisms that utilize the moss habitat, since
the moss coverage in the riffle sections of the fertilized reach
increases with time. Based on observations, the moss cover-
age is relatively constant at 5% in the reference reach, while
the coverage increases from 5% in 1988 to 50% in 1992 and
remains constant at 50% after 1992 in the fertilized reach. We
approximate the fractional habitat areas for DIA, CHI, BRA,
BAE and B-F, as (1-0.5ru), 0.5y, 1.0, 0.5(1 — rm), 0.5(1 — rm) and
1.0, respectively, where ry stands for moss coverage fraction
and the 0.5 factor reflects that only 50% of the reach is riffle
habitat. The area-specific P concentration from Slavik et al.
(2004) multiplied by the fractional habitat area gives the aver-
age P concentration over the reach. The data for annual mean
environmental drivers (T, L and D) are shown in Fig. 3. The data
of annual mean area-specific P concentration for each food
web compartment for the reference and fertilized reaches are
shown in Fig. 4.

5. Results and discussion

5.1. Case 1: hindcast using complete 12 years of data
to determine model parameters

There are 12 years of data (Figs. 3 and 4) for the reference
and fertilized reaches of the Kuparuk River. The equation

(a) 14

(c) 1800

1600 —

1400 (—

86 88 90 92 94 96 98

Fig. 3 - Observed annual mean environmental drivers for
years 1987-1998 for: (a) temperature, T (°C); (b) discharge, D
(m3 s~1); (c) solar radiation, L (W cm~2).

set (Eq. (A1) exists for each year. Thus there are 84 linear
equations for 33 unknowns (c;;). We preset relative waste pro-
duction constants ca, ¢, and ¢ to 0.1, 0.1 and 0.3, respectively
(Wollheim et al., 1999). The over-determined linear equation
set is converted into a well-determined equation set under a
least-squares constraint. The well-determined equation set is
solved for the 33 unknowns (c;) through Gauss-Seidel itera-
tion.

The solution of unknowns (c;) are listed in Table 1 as Case
1R for the reference reach and Case 1F for the fertilized reach.
Eq. (A2) is used to predict the inter-annual dynamics of Dj,
Dja, Bigs Ciyp» Bras B'r an_d F{S usir_lg th_e sol_ved L_mkr}owr}s Ec,»j)_,
the long-term means, Dip, Dia, Bag, Cui, Bra, B-r, Fis, T, L, D
and environmental drivers, T', L’ and D’. We refer to this pre-
diction as a hindcast, because we used all 12 years of data to
determine the model parameters (c;). The comparison of the
model with the data is plotted in Figs. 5 and 6 for the refer-
ence and fertilized reaches, respectively. Overall, the predicted
results reproduce the trends of inter-annual dynamics exhib-
ited by the observations, especially for compartments DIP, CHI,
B-F and FIS in both reaches. In particular, DIP has a continu-
ous increment from 1987 to 1990 followed by a continuous
decrement to 1996, which the model reproduces (Fig. 6a). CHI
drops from 1987 to 1989 and then continuously climbs until
1997, which the model captures well except for in 1989, 1991
and 1997 (Fig. 6d). The model exhibits good skill for both B-F
(Figs. 5f and 6f) and FIS (Figs. 5g and 6g) in both reaches. For
DIA in both reaches (Figs. 5b and 6b), the observations exhibit
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Fig. 4 - Annual mean observations from 1987 to 1998 used for model calibration and forecasting. Filled circles are
observations in fertilized reach and triangles for observations in the reference reach. All observations have been converted
to mmolPm~2,

a general decreasing trend with time, which the model also growth increments can be used for organisms with lifecycles
captures. We speculate that the poor model fit to BRA obser- greater than 1 year, as was done for FIS, but this was notimple-
vations is a result of BRAs lifecycle, which is longer than 1 mented for BRA. The factors causing poor model fit to BAE
year. However, the modeling approach of WV2005 pertains to remain uncertain; however, changes in BAEs physical habitat
organisms whose lifecycles are shorter than 1 year. Annual as a result of changes in moss coverage that were not captured

Table 1 - Parameter values, ¢;;, of the first-order approximation model obtained from data assimilation

Case C11 C12 C13 C14 C21 €22 C23 C24 C31 C32 C33

1R —0.58 0.13 —0.10 -1.77 0.10 —-0.22 —0.26 -0.16 0.10 0.12 0.24
2R —0.75 0.16 —1.05 2.56 0.03 —0.67 —-1.41 —0.04 —0.01 —-0.28 —0.40
1F —0.65 —-0.15 —-1.12 2.11 0.06 —0.99 —-5.95 —0.43 —0.03 1.43 1.19
2F —0.53 -0.16 -1.78 2.81 0.05 —0.90 —6.85 —0.47 —0.04 1.26 1.22
Case C34 Ca1 C42 Cs51 Cs2 Cs3 Csq Co1 C62 Ce3 Cea
1R —-0.12 —-0.97 —0.38 —0.93 0.73 —0.08 0.25 -0.79 0.91 0.37 0.22
2R 0.13 -0.63 —0.09 -1.20 1.01 —1.43 0.18 -1.11 1.37 0.58 0.02
1F —-0.18 -1.10 —0.04 —-1.13 —0.36 —20.9 2.08 —0.24 0.53 1.26 0.20
2F -0.21 -1.07 -0.12 —-1.11 —0.56 —23.9 2.35 -0.21 0.45 1.60 0.20
Case C71 €72 C73 C74 Cg1 Cg2 Cg3 Co1 C92 C93 C101
1R 0.80 1.56 —7.77 —1.28 3.71 —14.5 —2.86 1.05 —0.10 —0.04 0.21
2R 1.56 1.51 -12.6 —1.52 5.19 —24.7 —3.38 1.02 -0.10 —0.04 0.33
1F -0.10 0.16 1.02 —0.63 1.76 2.03 —-1.27 1.00 —0.05 —0.03 —0.08
2F -0.13 —0.50 0.75 —-0.75 1.77 1.48 —1.48 1.00 —0.05 —0.04 —0.06

All units are in year—'.
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Fig. 5 - Comparison of model predictions (filled triangles) to
all observations used in model fit. Units are in mmolPm~—2,
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observations (filled circles) in the reference reach for Case 1R;

accurately with observations is a likely cause (Slavik et al,,
2004).

To quantify model fit to observations, we use the modi-
fied index of agreement, di, as defined by Legates and Mccabe
(1999). The index of agreement varies between 0 and 1 and is
a measure of the mean error versus the potential error, with
higher values representing better model fits. The indices of
agreement are listed in Table 2a for Case 1R (reference reach)
and Case IF (fertilized reach). In brief, the prediction captures
the observed inter-annual dynamics pattern, with d; indices of
ca. 0.4in the reference reach and ca. 0.6 in the fertilized reach.
The predicted curves match the observed values for DIP, CHI,
B-F and FIS, with d; values of 0.43, 0.47, 0.59 and 0.55 in ref-
erence reach and 0.62, 0.63, 0.60 and 0.59 in fertilized reach,
respectively. The prediction also reflects the general dynamics
for DIA, BAE, and BRA. In brief, these results show that the first-
order approximation model is able to capture the dynamics of
the true ecosystems in hindcast mode.

Table 2a - The index of agreement of the hindcasted
model

Case DIP DIA BAE CHI BRA B-F FIS
1R 0.43 0.30 0.40 0.47 0.25 0.59 0.55
2R 0.41 0.29 0.42 0.50 0.20 0.59 0.53
1F 0.62 0.49 0.54 0.63 0.53 0.60 0.59
2F 0.64 0.48 0.58 0.56 0.54 0.60 0.61

5.2. Case 2: forecast using 9 years of data to
determine model parameters

For the above hindcast cases, all 12 years of data were used to
determine the first-order approximation model parameters.
As there are 33 parameters, 5 years of data are theoretically
sufficient to determine all model parameters. However, due
to observational errors, 5 years of data do not provide enough
resolution of model parameters. In order to obtain a good fit
between model and observations, we found that 9 or more
years of data were required for parameter estimation. Referred
to as Case 2, the simulated results for the first 9 years is the
hindcast where the data are used to estimate model param-
eters (), while the remaining 3 years of simulation can be
considered a forecast, as these data were not used in param-
eter estimation.

Model parameters, ¢j, using the first 9 years of data are
referred to as Cases 2R and 2F for the reference and fertil-
ized reaches, respectively (Table 1). The indices of agreement,
dy, for Case 2 are separated into hindcast for the first 9 years

Table 2b - The index of agreement of the forecasted
model

Case DIP DIA BAE CHI BRA B-F FIS
2R 0.47 0.15 0.29 0.37 0.17 0.58 0.54
2F 0.40 0.32 0.15 0.20 0.50 0.58 0.49
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(Table 2a) and forecast for the remaining 3 years (Table 2b). As
can be seen from Case 1F versus Case 2F (Figs. 6 and 8), there
are no significant differences between the predicted results
using 9 years of data versus 12 years of data, except for BRA.
The model parameters for Cases 1F and 2F are also similar,
except for parameter c;, (Table 1). Thus, 9 years of data are
sufficient to parameterize the model for the fertilized reach.
Since the parameters are similar for the two cases in the fer-
tilized reach, the forecast results in the remaining 3 years are
similar to the hindcast results in Case 1F. Although the fore-
casted results are not perfect, the results illustrate that the
modeling approach has the capability of forecasting. The fore-
cast matches the observations for DIP in 1996 and 1998, and
similar fits occur for DIA in 1997, for BAE in 1997 and 1998, for
CHI in 1996, for BRA in 1997, for B-F in 1996 and 1997 (Fig. 8).

Comparing the results from Case 1R and Case 2R
(Figs. 5 and 7), we see the two predicted curves have sim-
ilar patterns, but there are some differences. Many of the
model parameters are also different (Table 1). It appears that
the parameters for the reference reach model are not fully
resolved with 9 years of data. This parameter resolution prob-
lem may be due to the very low levels of SRP and chlorophyll
in the Kuparuk River, with the latter often being below the
limits of detection (Slavik et al., 2004). As a result, signal-to-
noiseratioin the reference reach is higher than in the fertilized
reach, making parameter estimation and model identification
more difficult.

Considering all four cases, itis apparent that prediction for
DIP, CHI, B-F and FIS are more accurate than for DIA, BAE and

BRA and prediction is better for the fertilized reach than the
reference reach. Three aspects potentially influence predic-
tion accuracy. First, there exist nonlinear ecological dynamics,
which cannot be represented by the first-order approximation
model. Second, the food web (Fig. 2) does not directly include
moss. Because there were insufficient observations for moss
coverage, we used moss coverage as another environmental
driver instead of a state variable. Although moss in the refer-
ence reach has low nutrient consumption (Wollheim et al.,
1999), moss competes with epilithic diatoms for space and
greatly influences insect habitat, especially in the fertilized
reach. Third, this approximation model was developed to sim-
ulate a mature ecosystem; that is, we assume that internal
dynamics have dissipated and the ecosystem tracks environ-
mental drivers (van den Berg, 1998; WV2005). The fertilized
reach of the Kuparuk River should not be regarded as a typ-
ical mature ecosystem, because the long-term fertilization
introduces a transient in the first 4 years as moss coverage
increases from 5% to 50% (Slavik et al., 2004).

5.3.  Influence of long-term fertilization on ecological
dynamics

Below we compare the inter-annual variations of stocks
between the reference and fertilized reaches using predicted
fluxes (Figs. 9 and 10, respectively). The analysis is focused
on distinguishing natural changes from fertilization-influence
changes. This analysis reveals some interesting ecological
dynamics influenced by the long-term fertilization. It is impor-
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tant to recall, however, that these fluxes (f) represent mean
annual deviations from the long-term mean fluxes (i.e., f' =
f — ). Consequently, a negative flux value does not mean that
the overall flux between compartments is flowing in the oppo-
site direction, but rather that the flux is less than the long-term
mean. Since the long-term mean flux (f) is unknown, the mod-
eling approach does not allow determination of the annual
mean flux (f) (see WV2005). It is also important to consider
the observed influence of long-term fertilization in Kuparuk
River detailed by Slavik et al. (2004), which we briefly summa-
rize here. Long-term fertilization produced positive responses
for all trophic levels from primary producers to fish, but neg-
ative responses for BAE and B-F. While the fertilization began
in 1983, radical change in community structure did not occur
until the development of the moss Hygrohypnum, which nearly
completely covered the stream bottom in riffle habitats start-
ing abruptly in 1992.

5.3.1. DIP dynamics

The inter-annual variation of DIP relates to the dynamics of
DIA uptake (f1) without significant influence from DIP input
(f10) (Figs. 9a and 10a), since little phosphate enters from lateral
seepage in the reference reach and P-addition occurred at a
constant rate in the fertilization reach (Slavik et al., 2004). This
indicates that the inter-annual variation of the area-specific

phosphate concentration is mainly caused by local biology,
with dominance between DIP uptake (f1) and DIP remineral-
ization (fra) changing from one year to the next. Although the
moss increase is a major response to the long-term fertiliza-
tion, the inter-annual variation of DIP caused by moss uptake
is not significant enough to cause the inter-annual variation in
DIP stock (Slavik et al., 2004). Apparently, either DIP consump-
tion by moss is similar to that of DIA, or DIP moss consumption
does not have significant inter-annual variation. However, we
note that DIA was measured attached to bare rocks only while
epiphyte growth on moss was not readily measurable. Since
the moss coverage had a significant increase in 1992-1993, the
noticeable drop in DIP since 1994 (Fig. 6a) may be explained
by a corresponding jump in epiphytic DIA that went unmea-
sured. In contrast, the model result for DIP in the reference
reach (Fig. 5a) reflects the dominant impact from DIA (Fig. 5b),
which exhibits the expected inverse response between DIP and
DIA.

5.3.2. DIA dynamics

In the reference reach, the DIA sloughing process (fs) is the
main cause of the inter-annual variation of DIA (Fig. 9b). In
the fertilized reach, all fluxes (f1—f4) have significant influ-
ence on DIA (Fig. 10b), but DIA sloughing (fs) is still dominant.
The fertilization causes greater variation of DIP uptake (f1),
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whose dynamics are passed onto upper trophic levels. The rea-
son why the inter-annual dynamics of DIA (Fig. 6b) does not
reflect the impact of DIP (Fig. 6a) is explained above. The model
reproduces well the year-to-year changes of observed DIA in
reference reach except in 1995 and 1998 (Fig. 5b). It appears
that fertilization stimulates DIA growth and the insects feed-
ing on DIA, which is consistent with the increase in NHg*
uptake in the fertilized reach observed during a >N trace addi-
tion study (Wollheim et al., 2001).

5.3.3. BAE dynamics

In the reference reach, fluxes f; and fs exhibit similar year-to-
year variations (Fig. 9c), which indicates that the contribution
of BAE to FIS is controlled by the production of BAE. This is
consistent with model results for DIA and BAE (Fig. 5b and c),
which show similar year-to-year changes in DIA and BAE. The
year-to-year changes of DIA are similar in both reaches after
1992 (Fig. 4b), but BAE in the fertilized reach has a relatively
lower stock than in the reference reach after 1992 (Fig. 4c),
indicating a greater top-down control in the fertilized reach.
However, moss also provides poor habitat for BAE as well. Con-
sidering fluxes in the fertilized reach, the consumption (f,) and
production (fs) of BAE are balanced (Fig. 10c); consequently,
BAE density remains constant. In fact, BAE contributed more to
FIS after 1992, as evident by fs in Fig. 10g. Fish appear to rapidly

change their BAE feeding rate (or preference) in response to
changes in BAE growth rate in the fertilized reach. As the
moss coverage in the fertilized reach became significant 1992,
it is possible that the long filamentous moss made BAE more
susceptible to fish grazing due to changes in streambed hydro-
dynamics (Wetmore et al., 1990).

5.3.4. CHI dynamics

Both CHI growth (f3) and predation (fs) have significant influ-
ence on the inter-annual variation of CHI in both reaches, but
FIS predation (fs) has more influence in the reference reach
while CHI growth (f3) has more influence in the fertilized
reach (Figs. 9d and 10d). Consequently, CHI density exhibits
top-down control in the reference reach, but bottom-up con-
trol in the fertilized reach. The high abundance of CHI in
the fertilized reach after 1994 (Fig. 4d) comes from increased
CHI growth (Fig. 10d). Although CHI consumes resources from
both DIA and BDET (Fig. 1), observations indicate higher BDET
concentrations trapped within the moss, which should stim-
ulate CHI growth. Nevertheless, it appears that the zero-order
approximation for the benthic detritus (BDET) is justified, as
the predicted CHI density matches the data well (Fig. 6d).
While the stock of epilithic DIA dropped after 1991, this does
not indicate that total DIA production decreased (Slavik et al.,
2004). As moss cover became established in 1992, moss epi-
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phytic DIA became an additional food for CHI and this fraction
of DIA was not measured nor calculated as discussed above.
The same rational explains why BRA in the fertilization reach
did not decrease obviously after 1992. The good model-data-
fit for CHI in the reference reach (Fig. 5d) reflects that the CHI
abundance is impacted by DIA availability. In the reference
reach, the model results for BAE, CHI and BRA have same pat-
tern as that for DIA. This indicates that the food availability
is a dominant factor controlling insect abundance; however,
habitat is also an important factor.

5.3.5. BRA dynamics

In both reaches, BRA prediction does not match the obser-
vations well, in that predictions are either too dynamic
(reference reach, Fig. 5e) or lack dynamics (fertilized reach,
Fig. 6e). In the reference reach, BRA predation (f;) and
feeding (fg) fluxes have low amplitude dynamics, but are
asynchronous, so that predicted BRA densities fluctuate
(Fig. 9e). Conversely, the same fluxes have large ampli-
tude dynamics in the fertilized reach, but are synchronous,
so that BRA densities remain flat. The reasons for the
poor BRA predictions remain unclear. However, BRA is
the only insect with a 3-year life cycle and the inter-
annual biomass accumulation violates an assumption of the
first-order approximation model, which requires that each
ecosystem state variable be independent of the previous year

unless annual growth increments are used as observations
(WV2005).

5.3.6. B-F dynamics

Predicted B-F densities match the observations well for both
the reference and fertilized reaches (Figs. 5f and 6f, respec-
tively). Feeding rate (fo) controls B-F dynamics, since mortality
is assumed proportional to feeding (Eq. (2)). B-F consumes
SPOP, which correlates strongly to discharge (Peterson et al.,
1992), but temperature (Fig. 3b) influences feeding dynamics
(fo) (Figs. 9f and 10f), as evident by the magnitude of parameter
Cgz (Table 1). Comparison of T and D (Fig. 3) and fo indicates dis-
charge dominates B-F abundance. However, fertilization did
not alter SPOP availability, but the increase in BRA resulting
from fertilization displaced B-F from its habitat. Furthermore,
B-F prefers bare rock habitats to moss or biofilm covered rock
habitats. The larger prediction error in the fertilized reach
between 1990 and 1992 (Fig. 6f) likely reflects the transient
period when moss coverage rapidly increased.

5.3.7. FIS dynamics

The predicted FIS biomass increment (or
growth) matches the observations well for both reaches
(Figs. 5g and 6g). FIS prey has comparatively large amplitude
dynamics, but FIS annual increment tends to be relatively
constant. This implies that environmental drivers rather than

annual
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prey density may govern FIS dynamics, which is consistent
with the large model coefficients associated with T and D’ (cs3,
Cs4, C63, Ce4, C73, and cya, Table 1). The patterns of inter-annual
changes of FIS are similar in both reaches (Fig. 4g), which
indicates that environmental factors dominate inter-annual
change, rather than prey availability. Prey availability may not
limit FIS inter-annual changes because FIS have the ability
to selectively feed on abundant prey items. On the other
hand, FIS production was consistently higher in the fertilized
reach than in the reference reach, which indicates that fer-
tilization simulated gross primary production. Although DIA
stocks exhibited only minor increase with elevated primary
production, total insect abundance (FIS prey) increased with
fertilization.

5.3.8.
fluxes
By comparing individual predicted fluxes between the ref-
erence and fertilized reaches (Fig. 11), we can infer some
overall effects of the fertilization. In general, flux deviations
in the fertilized reach exhibit greater dynamics than in the
reference reach and changed signs after 1992 when moss
cover developed. The predictions indicate that fluxes fi1—fs
show a decrease for a few years after initiation of fertiliza-
tion (most notably in 1990; blue arrow in Fig. 11), but then
show an increase during the latter phase of the experiment

Comparison between reference and fertilized reach

(most notably in 1996; green arrow). Conversely, flows f;—fq
exhibit the opposite trends with higher fluxes around 1990 and
reduced fluxes around 1996. Base on the flow diagram (Fig. 2),
these results suggest that the initial P fertilization caused, sur-
prisingly, a reduction in the autotrophic support for FIS (Fig. 2,
red box), but an increased support of FIS growth from the detri-
tal pathways (Fig. 2, blue box). In later years (ca. 1996), the trend
reversed, where FIS growth is supported by the autotrophic
flow path, and support from the detrital community dimin-
ishes.

We know from previous observations that the long-term
fertilization caused a dramatic shift in the Kuparuk River food
web, with the moss Hygrohypnum virtually replacing epilithic
diatoms starting in 1992 and reaching sustained high levels in
1996 (Slavik et al., 2004). The change in physical habitat that
Hygrohypnum provided also resulted in a dramatic increase in
CHI abundance, although it does not appear CHI supported
FIS growth (Fig. 11f). Interestingly, the dramatic change in
food web structure that resulted from the fertilization did not
cause a significant change in FIS growth (Fig. 4g and see Slavik
et al., 2004). However, our modeling analyses do show that
the flow paths of P to FIS did change significantly in the fer-
tilized reach. We speculate that the initial establishment of
the moss Hygrohypnum in the early 1990s displaced DIA, so
that FIS had to rely on the detrital-based pathway via BRA.
After moss coverage reached maturity around 1996, FIS return
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to utilizing the autotrophic-based flow path, perhaps via the
mayfly Ephemerella, which exhibited large increases in abun-
dance in 1995 (Slavik et al., 2004). Although the mayfly Baetis
was included in our model (Fig. 2, BAE), Ephemerella was not.
This lack of inclusion of Ephemerella in the model may explain
the difficulty in obtaining a good prediction of BAE, but it does
illustrate the robustness of the modeling approach to miss-
ing data, as we were able to obtain good estimates for the
remaining state variables.

6. Conclusion

We have demonstrated how a recently developed inverse
model (WV2005) can be used to identify first-order rela-
tionships that govern inter-annual dynamics of ecosystem
variables in the Kuparuk River ecosystem subject to environ-
mental drivers. Not only does the modeling approach facilitate
analysis of whole ecosystem observations, but it can also be
used as a long-term forecast model provided projected envi-
ronmental driver values do not greatly exceed those used

during parameter estimation. For example, if the maximum
annual temperature observed during parameter estimation
was 15 °C then the forecast may be questionable when annual
temperatures exceed 15°C by more than several degrees,
which could cause changes in community composition.

The modeling approach is particularly useful when (1) the
observations do not encompass the entire food web and (2)
the representation of the data is not perfect due to sporadic
sampling, large errors, and/or contain measurements that
are difficult to quantify or extrapolate to the whole system.
Because the modeling approach does not require strict mass
balance closure, the model is more robust to such observa-
tional uncertainties.

Theoretically, the model approach is only applicable to
ecosystem variables that have characteristic times less than
1 year. However, this application shows the approach may
be applied to ecosystem variables that violate this require-
ment provided the annual biomass increment is used and
the increment is primarily controlled by the annual environ-
mental drivers, as was the case for FIS in the Kuparuk River
ecosystem.
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Although FIS growth was not stimulated by fertilization,
our model results show that the flow of phosphorous to
FIS did switch to detrital-based sources in 1990 following
moss recruitment, but then returned to autotrophic-based
sources in 1996 as Ephemerella replaced the loss of Baetis
(BAE). This study provides some instruction for improving the
observations for future studies in the Kuparuk River. Field
observations that should be added in order to improve model
performance include: (1) annual mean increment of moss cov-
erage so that it can be included as a state variable; (2) the
EPI sloughing mechanism; (3) the relationship between mean
annual insect density and river discharge.
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Appendix A

The linear matrix equation is given by
AX = | Cjy

(A1)

where A is a 33 x 33 matrix with components q;;, where a;; =0,
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and X is a 33 x 1 vector of unknowns,
X1 = C11, Xy = C12, X3 = (13, X4 = C14, X5 = C21,
Xg = €22, X7 = (23, Xg = C24, X9 = (31, X10 = €32,
X11 = C33, X12 = C34,
X13 = C41, X14 = C42, X15 = Cs1, X16 = Cs52,
X17 = Cs3, X18 = Cs4, X19 = Ce1, X20 = Ce2,
X21 = Ce3, X22 = Ce4,
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X23 = (71, X24 = C72, X5 = (73, X26 = C74,
X7 = Cg1, X28 = Cg2, X9 = Cg3, X30 = Co1,
X371 = C92, X32 = Co3, X33 = €101

The matrix Eq. (A1) can be rearranged to solve for the annual
mean increment from the long-term mean values, as given by

Deegan, L.A., Golden, H.E., Harvey, CJ., et al., 1999. Influence of
environmental variability on the growth of age-0 and adult
Arctic grayling. Trans. Am. Fish. Soc. 128 (6).

Finlay, J.C., Bowden, W.B., 1994. Controls on production of
bryophytes in an Arctic tundra stream. Freshwater Biol. 32 (2),
455-466.
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where the B vector is given by
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