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Abstract 26 

 We present a framework for assessing biogeochemical recovery of terrestrial ecosystems 27 

from disturbance.  We identify three recovery phases.  In Phase 1, nitrogen is redistributed from 28 

soil organic matter to vegetation, but the ecosystem continues to lose nitrogen because the 29 

recovering vegetation cannot take up nitrogen as fast as it is released from soil.  In Phase 2, the 30 

ecosystem begins re-accumulating nitrogen and converges on a quasi-steady state in which 31 

vegetation and soil-microbial processes are in balance.  In Phase 3, vegetation and soil-microbial 32 

processes remain in balance and the ecosystem slowly re-accumulates the remaining nitrogen.  33 

Phase 3 follows a balanced-accumulation trajectory along a continuum of quasi-steady states that 34 

approaches the true steady state asymptotically.  We examine the effects of three ecosystem 35 

properties on recovery: openness of the nitrogen cycle, nitrogen distribution in and turnover 36 

between vegetation and soils, and the proportion of nitrogen losses that are in a refractory form.  37 

Openness exacerbates Phase 1 nitrogen losses but speeds recovery in Phases 2 and 3.  A high 38 

fraction of ecosystem nitrogen in vegetation, resulting from nitrogen turnover that is slow in 39 

vegetation but fast in soil, exacerbates Phase 1 nitrogen losses but speeds recovery in Phases 2 40 

and 3.  A high proportion of nitrogen loss in refractory form mitigates Phase 1 nitrogen losses 41 

and speeds recovery in Phases 2 and 3.  Application of our conceptual framework requires 42 

empirical recognition of the continuum of quasi-steady states constituting the balanced-43 

accumulation trajectory and a distinction between the balanced-accumulation trajectory and the 44 

true steady state. 45 
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Highlights 51 

Ecosystem development entails biogeochemical balance between plant and soil processes 52 

Recovery first reestablishes this balance before elements can re-accumulate 53 

Recovery is constrained by element cycle openness, distribution, and chemical form of losses 54 
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Introduction  56 

 How ecosystems develop through time and the effects of disturbance on development are 57 

long-standing questions in ecology (e.g., Odum 1969, Odum and others 1995).  Recent syntheses 58 

have advanced the theory and conceptual framework of development and disturbance by 59 

suggesting roles for legacy effects (Gaiser and others 2020) and the effects of pulsed dynamics 60 

and disturbance on recovery (Kominoski and others 2018, Jentsch and White 2019).  Ecosystems 61 

can lose a substantial fraction of their biomass and nutrient capital as a result of disturbance.  In 62 

the long term, the ecosystem must re-accumulate these nutrients to rebuild biomass and fully 63 

recover.  In the short term, however, the need to re-accumulate nutrients can be mitigated if 64 

residual nutrient stocks can be retained within the ecosystem and the initial recovery of 65 

vegetation can be supported, at least in part, by tapping into these residual nutrient stocks (Yanai 66 

and others 2013, Lovett and others 2018).  Here we argue that these recovery processes are 67 

subject to (1) the relative dependence of the ecosystem on external versus internal nutrient 68 

sources (nutrient cycle openness), (2) the pre-disturbance distribution of nutrients between 69 

vegetation and soils, and (3) how readily further nutrient losses can be curtailed by vegetation 70 

and soil microbes (the form of nutrient loss).  We further argue that the recovery from such 71 

disturbances requires that vegetation and soil-microbial processes first come into balance before 72 

the ecosystem can re-accumulate its lost nutrient capital.  Perspectives on these factors affecting 73 

recovery from disturbance have evolved substantially in the literature. 74 

 Based on extensive observations of Northern Hardwood forests and building on ideas put 75 

forth by Odum (1969) and Vitousek and Reiners (1975), Bormann and Likens (1979, 1994) 76 

present a conceptual model of forest recovery from the removal of vegetation.  They make two 77 

assumptions about nutrient sources, both of which could have significant effects on the dynamics 78 

of ecosystem recovery from disturbance.  First, although they acknowledge that following 79 

disturbance "the ecosystem 'digs deeply' into its nutrient capital to effect repair" (Bormann and 80 

Likens 1994), they assume that the very large stocks of soil organic matter in mineral soil "have 81 

only minor influence on the overall biomass balance of the ecosystem."  Second, because the 82 

observed rate of nitrogen (N) accumulation exceeds the amount that can be accounted for in 83 

measured input-output budgets, they assume non-symbiotic N fixation rates that are over twice 84 

the annual inputs in precipitation and about ten times larger than non-symbiotic N fixation rates 85 

estimated by Roskoski (1980). 86 
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 Yanai and others (2013) reevaluated the N cycle in Northern Hardwood forests.  They 87 

found that mineral soil holds over 70% of the total ecosystem N stock.  However, the uncertainty 88 

in this estimate is too large to assess temporal changes in mineral soil N from their data.  89 

Nevertheless, they speculate that the N accumulating in vegetation and forest floor following 90 

disturbance could come from the slow turnover of this very large N stock in mineral soil rather 91 

than from non-symbiotic N fixation; just the uncertainty in their estimate of mineral soil N is 92 

comparable to the total amount of N in the mature vegetation and could account for over 50 93 

years of N at the fixation rate assumed by Bormann and Likens (1994).  Hooker and Compton 94 

(2003) and Compton and others (2007) found that the total ecosystem N remained constant in 95 

abandoned agricultural fields for 100 years, but the regrowth of vegetation and buildup of forests 96 

floor was supported by a redistribution of N from mineral soil to vegetation.   Lovett and others 97 

(2018) revised the Bormann and Likens (1994) conceptual model to include mineral-soil N as 98 

both a means to retain N within the ecosystem following the disturbance and as a source of N for 99 

recovering vegetation and accumulating forest floor.  Rastetter and others (2013) report the same 100 

role for mineral soil N in a modeling study.  This redistribution pattern is consistent with data 101 

from Mayes and others (2019) on African woodland and with the conceptual model of 102 

Figueiredo and others (2019) for Amazonian rainforest. Based on data from a wide variety of 103 

tropical and temperate forests, Jordan (1985) makes similar inferences about both the large 104 

fraction of ecosystem N stocks in soils and the role soil N might play in the recovery of 105 

vegetation after disturbance.  However, he also acknowledges the vital role of N fixation in both 106 

ecosystem development and recovery from disturbance. 107 

 The differences in perspective between Bormann and Likens (1994) and those of Yanai 108 

and others (2013) and Lovett and others (2018) amount to a difference in the presumed openness 109 

of the N cycle in these forests.  In many terrestrial ecosystems, essential elements like N and 110 

phosphorus (P) are tightly cycled, at least when the ecosystems are mature (Vitousek and Reiners 111 

1975). The dependence on recycled N and P in most mature terrestrial ecosystems is possible 112 

because of the entrainment of external elements into the internal ecosystem cycle and their slow 113 

accumulation over thousands of years of soil and vegetation development (Jenny 1941, Walker 114 

and Syers 1976, Post and others 1985, Kranabetter and others 2016).   115 

 The long-term entrainment and retention of elements in terrestrial ecosystems depends on 116 

balanced interactions between vegetation and soil-microbial processes.  Without the elements 117 
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released from soil organic matter and made available to plants by microbial activity (Lambers 118 

and others 2008), plants would fix much less carbon (C) into new organic matter, and organic 119 

matter accumulation in vegetation would slow substantially.  Without the C-rich litter from 120 

plants, organic matter could not accumulate in soils, and soil microbes would neither accumulate 121 

mineral elements into microbial biomass and soil organic matter nor re-release those elements in 122 

a labile form available to plants to support their further growth and accumulation of organic 123 

matter in vegetation (organic C, N, P, etc.).  If plants and soil microbes did not take up the 124 

elements entering the ecosystem or released from soils, the elements would be more susceptible 125 

to being washed out of or otherwise lost from the ecosystem and could not accumulate (Jordan 126 

1985).  Thus, there is a codependence between vegetation and soil-microbial processes that must 127 

remain in balance for C and other elements to accumulate in an ecosystem.   128 

 This codependence between vegetation and soil-microbial processes should strengthen as an 129 

ecosystem develops.  As elements like N and P accumulate, the vegetation and soil microbes 130 

become more reliant on the recycling of these elements within the ecosystem and less reliant on 131 

external element sources.  At maturity, recycled N and P accounts for over 90% of plant 132 

requirements in forests (Whittaker and others 1979, Sollins and others 1980, Yanai 1992), over 133 

80% in grassland and prairies (Blair and others 1998, Knapp and others 1998), and over 95% in 134 

arctic tundra (Shaver and others 1992).    135 

 This high rate of internal cycling is the basis for the major biogeochemical feedback between 136 

vegetation and soil-microbial processes.  This feedback, acting on a time scale of years to 137 

decades, is fast relative to the slow accumulation of nutrients from external sources, which can 138 

take centuries to millennia in primary succession.  Following perturbation, any system with 139 

processes acting on such different time scales is likely to undergo a fast initial response toward a 140 

quasi-steady state (the proximate attractor; Birkhoff 1927) followed by a slower, asymptotic 141 

response toward the true steady state (the ultimate attractor; Segel and Slemrod 1989).  For 142 

terrestrial ecosystems, we hypothesize that, after a disturbance that removes vegetation, the 143 

initial, fast response to the disturbance is a redistribution of elements like N and P from soil to 144 

vegetation.  This redistribution will move the ecosystem toward a quasi-steady state in which 145 

vegetation and soil-microbial processes come into relative balance in terms of the cycling of 146 

nutrients like N and P.  This quasi-steady state should be determined by the amount of nutrient 147 

the ecosystem is able to retain following the disturbance.  At the quasi-steady state, the 148 
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ecosystem should be more effective at retaining and re-accumulating nutrients.  As these 149 

nutrients are slowly re-accumulated from external sources, the quasi-steady state will move 150 

toward the ultimate steady state.  We define this trajectory traced by the quasi-steady state, in 151 

which the ecosystem accumulates nutrients, and vegetation and soil-microbial processes remain 152 

in relative balance, as the balanced-accumulation trajectory.  The balanced-accumulation 153 

trajectory should be uniquely determined by the local climate, underlying parent material, 154 

topography, and biota (Jenny 1941, Brady 1974, Vitousek and Reiners 1975, van Cleve and 155 

others 1983, Chapin and others 1994, Vitousek 2004, Vitousek and others 2010).   156 

 In this paper we use a simple model of coupled C and N fluxes in terrestrial ecosystems as an 157 

example to examine biogeochemical aspects of ecosystem recovery from disturbances that 158 

redistribute C and N from vegetation to soils, remove vegetation, or remove both vegetation and 159 

soil.  We focus our analysis on three properties of the ecosystem N cycle: 160 

 161 

(A) Openness: the rate of external N inputs to the ecosystem divided by the steady-state 162 

rate of N uptake by vegetation as an indicator of the ratio of ecosystem N throughput 163 

to internal N cycling.  Because openness is a measure of both N inputs and outputs 164 

relative to internal cycling, it determines both the potential rate of N accumulation in 165 

the ecosystem and the potential for N losses following a disturbance.   166 

(B) Vegetation-soil N distribution: the percent of total ecosystem N stocks in the 167 

vegetation versus soil at steady state, which with a tight (nearly closed) N cycle is an 168 

indicator of the relative rates of N turnover in vegetation versus soils.  Because most 169 

disturbances in terrestrial ecosystems involve a disproportionate loss of vegetation 170 

biomass relative to soil organic matter, the vegetation-soil N distribution determines 171 

the potential for vegetation recovery based on an internal redistribution of N from soil 172 

to vegetation.   173 

(C) Refractory N loss: the fraction of total N losses from the ecosystem at steady state 174 

that cannot be curtailed by increased uptake by either vegetation or soil microbes 175 

(e.g., loss of recalcitrant dissolved organic N).  Because refractory N must first 176 

accumulate in the ecosystem before it can contribute to N losses, a high fraction of 177 

total N losses in refractory form can slow total N losses and thereby increase the rate 178 

of N accumulation following a disturbance that resulted in a loss of N capital.  179 
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 180 

Methods 181 

 Model:  We simplify the representation of ecosystem C and N budgets as much as possible 182 

to optimize the heuristic value of our model (Rastetter 2017).  The model is complex enough to 183 

represent the interactions between C and N and between vegetation and soil-microbial processes 184 

that are important to the questions we address, but still simple enough to be broadly illustrative 185 

of terrestrial ecosystems and easily implemented and analyzed.  We develop the model based on 186 

five mass-balance equations (Fig. 1, Table 1 Eqs. 1-5, Table 2) representing changes in C and N 187 

in vegetation biomass (BC & BN), C and N in soil organic matter and associated microbes and 188 

fauna (DC & DN), and inorganic N (N).  We assume a constant CO2 concentration available in the 189 

atmosphere, which makes the CO2 supply effectively infinite.  In contrast, available inorganic N 190 

in the soil is "depletable" (sensu Rastetter and Shaver 1992) and must therefore be replenished 191 

from sources outside the ecosystem or through recycling from soil organic matter.  192 

Photosynthesis (Ps, Eq. 6) and N uptake by vegetation (UN, Eq. 7) are each Michaelis-Menten 193 

functions of, respectively, atmospheric CO2 (Ca) and inorganic N (N).  However, these rates are 194 

modified first by an allometric constraint (S, Eq. 8) that results in an asymptotic increase in 195 

uptake as biomass increases (e.g., canopy closure, full exploitation of soil volume by roots; 196 

Rastetter and Ågren 2002) and second by a vegetation stoichiometric constraint (, Eq. 11) that 197 

compensates for any element imbalance by decreasing photosynthesis and increasing N uptake as 198 

the C:N ratio of biomass increases.  The rate of C loss from vegetation in litter fall (LitC, Eq. 9) is 199 

simply proportional to vegetation C.  The rate of N loss from vegetation in litter fall (LitN, Eq. 10) 200 

is proportional to vegetation N, but modified by the vegetation stoichiometric constraint () to 201 

decrease N losses as the vegetation C:N ratio increases.  Carbon loss through autotrophic 202 

respiration (Ra, Eq. 12) increases in proportion to vegetation C, but is modified by the vegetation 203 

stoichiometric constraint () to increase respiration as the C:N ratio of vegetation increases. 204 

Immobilization of inorganic N into soil organic matter by soil microbes (UNm, Eq. 13) is a 205 

Michaelis-Menten function of inorganic N (N), is proportional to soil organic C (DC), and is 206 

modified by the soil stoichiometric constraint (, Eq. 14) to increase as the soil C:N ratio 207 

increases.  Heterotrophic respiration (Rh, Eq. 15) is proportional to soil C (DC) and increases with 208 

the soil stoichiometric constraint () as the soil C:N ratio increases.  Mineralization of N from 209 

soil organic matter (Nmin, Eq. 16) is proportional to soil organic N (DN) but is modified by the 210 
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soil stoichiometric constraint () to decrease as the soil C:N ratio increases.  We assume 211 

refractory N losses (QNR, Eq. 18) are directly from the soil organic matter and are proportional to 212 

soil organic N (DN).  Because refractory N losses are assumed to be organic, we include an 213 

organic C loss (QCR, Eq. 17) that is proportional to the loss of refractory N (QNR).  We recognize 214 

that labile organic N also cycles and is lost from the ecosystem.  We assume that most of this 215 

labile organic N is rapidly taken up into soil organic matter by soil microbes and is therefore 216 

retained within the soil organic matter and that any uptake by plants or losses from the ecosystem 217 

can be lumped in with the dynamics of inorganic N.  Losses of inorganic N (QDIN, Eq. 19) from 218 

the ecosystem are proportional to inorganic N (N).  We assume atmospheric CO2 concentration 219 

(Ca) is constant and the same in all simulations (400 mol mol
-1

).  The input of N from outside 220 

the ecosystem into the inorganic N pool (Nin) is also constant for any simulation but varies 221 

among simulations (see appendix Table A1). 222 

 The differential equations are solved numerically with a 4th/5th order Runge-Kutta 223 

integrator with adapting time steps to optimize precision and computation time (Press and others 224 

1986). The model is coded in Lazarus 2.0.4 (2019) Free Pascal. Inputs to the model are all 225 

parameter values, initial values for all state variables, and values for all driver variables for all 226 

time steps (see appendix Table A1). Outputs from the model are all state and process variables 227 

for each time step. 228 

 229 

 Parameterization:  We run simulations for a 2 × 2 × 2 factorial experiment on (A) openness, 230 

(B) vegetation-soil N distribution, and (C) refractory N loss.  This experimental design results in 231 

parameterization of the model for eight hypothetical ecosystems that differ in these three 232 

properties but are otherwise the same (see appendix Table A1).  At steady state, all eight 233 

ecosystems have the same total amount of organic N in soils plus vegetation (700 g N m
-2

), the 234 

same amount of inorganic N (1 g N m
-2

), and the same parameter values for all the processes 235 

except the rate parameters for litter-fall losses of C and N (mCB & mNB), heterotrophic respiration 236 

(rD), N mineralization (mNm), and the losses of inorganic and refractory N (N and NR).  We 237 

adjust these six parameters and the N input rate (Nin) to set (1) the steady-state inputs and losses 238 

of N relative to internal N cycling (openness), (2) the steady-state amounts of N in soils and 239 

vegetation (vegetation-soil N distribution), and (3) the steady-state rates of ecosystem N losses 240 

from the inorganic N pool and from soil organic matter (refractory N loss).  We chose 241 
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characteristics that are intermediate among several types of terrestrial ecosystems in terms of the 242 

range of reported values of openness and N distribution between vegetation and soils (Nagy and 243 

others 2017, Rastetter 2011, Rastetter and others 2013, Pearce and others 2015, Woodmansee 244 

and Dugan 1980, Blair and others 1998, and Risser and Parton 1982; see Appendix Fig. A1).   245 

 To set the openness of the N cycles, we adjust the N input to the ecosystem (Nin) to either 246 

3% (Ecosystems 1, 3, 5, & 7) or 20% (Ecosystems 2, 4, 6, & 8) of the steady-state N uptake by 247 

vegetation (UN at steady state).  Thus, the less-open ecosystem has 97% of the plant-required N 248 

supplied internally at steady state, whereas the more-open ecosystem has only 80% of the plant-249 

required N supplied internally.  We then adjust the N loss rate parameters (N & NR) so that the 250 

steady-state concentration of inorganic N (N) equals 1 g N m
-2

 and inorganic plus refractory N 251 

losses equal the N inputs.  In the ecosystems with refractory N losses, we compensate for the 252 

extra losses of soil organic C and N by adjusting soil respiration and N mineralization parameters 253 

(rD & mNm) so that at steady state the soil C:N ratio is 20 and the soil has either 90 or 95% of the 254 

organic N in the ecosystem (depending on the vegetation-soil N distribution for that ecosystem).  255 

 To set the vegetation-soil N distribution, we adjust vegetation and soil N turnover rates 256 

(mNB and mNm) until the total organic N in the ecosystem is 700 g N m
-2

 and either 5% (fast-257 

vegetation turnover, slow-soil turnover; Ecosystems 3, 4, 7, & 8) or 10% (slow-vegetation 258 

turnover, fast-soil turnover; Ecosystems 1, 2, 5, & 6) of the organic N in the ecosystems is in 259 

vegetation at steady state.  We then adjust vegetation C turnover in litter and soil respiration (mCB 260 

snd rD) so that the steady-state C:N ratios of the vegetation and soils are, respectively, 100 and 261 

20 g C g
-1 

N (i.e., BC/BN = qB and DC/DN = qD).   262 

 To set the refractory N losses, we adjust the two N loss rate parameters (N & NR) until 263 

steady-state refractory losses are either 0% (Ecosystems 1 - 4) or 95% (Ecosystems 5 - 8) of the 264 

total N losses.  To compensate for the extra organic losses of N and C from the soil organic 265 

matter, we also adjust the parameters for N mineralization (mNm) and heterotrophic respiration 266 

(rD) to maintain 90% or 95% of the total ecosystem N at steady state in soils and to maintain the 267 

soil C:N ratio of 20.  The magnitude of refractory N losses was found to influence C 268 

sequestration in response to climate change in an earlier modeling study (Rastetter and others 269 

2005).  A wide range of dissolved organic N losses have been reported based on stream 270 

chemistry (<20% to > 80% of total N losses; Goodale and others 2000, McHale and others 2000, 271 

Buffam and others 2001, Perakis and Hedin 2002, Qualls and others 2002).  However, this N has 272 
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likely been processed several times along the flow path from leaving the rooting zone to the 273 

location of measurement in the stream (Newbold and others 1982, Hedin and others 1998, 274 

Kroeger 2003).  Therefore, in the ecosystems with refractory N losses we assume 95% of the N 275 

losses are refractory in our simulations based on the dissolved organic N reported by Currie and 276 

others (1996) for the deep root zone of a Northern Hardwood forest. 277 

 278 

 Analyses:  For each of these eight ecosystems we generate a balanced-accumulation 279 

trajectory by approximating the quasi-steady state for specified total ecosystem N stocks.  To 280 

make this approximation, we first set Nin = QNR + QDIN so that N losses are instantly returned to 281 

the ecosystem and there is no net loss or gain of N.  For the ecosystems with only inorganic N 282 

losses, this constraint is equivalent to setting the inputs and losses of N to zero.  For the 283 

ecosystems with organic N losses, the constraint effectively augments heterotrophic respiration 284 

and N mineralization by the amounts of C and N that would have been lost as dissolved organic 285 

matter, but does not alter the turnover rate of soil organic matter.  We then set the amounts of N 286 

in vegetation, soil organic matter, and inorganic N to 0.4, 0.4, and 0.2 (total of 1 g N m
-2

) and run 287 

the model to a near steady state until the derivatives for all five state variables are less than 288 

0.01% to the standing stock (dX/dt < 0.0001 X, for all X = BC, BN, DC, DN, and N).  We then 289 

increment DN by 1 g N m
-2

 and again allow the system to come to a near steady state and repeat 290 

the incremental increase in N until the total ecosystem N equals the 701 g N m
-2

 to which the 291 

model is parameterized at steady state.  Our argument for the quasi-steady state above is based 292 

on the fast rate of internal N cycling relative to the slow rate of N inputs from outside the 293 

ecosystem.  This condition is clearly violated at low biomass when the rate of internal cycling is 294 

much smaller.  We nevertheless extend our estimates of the balanced-accumulation trajectory to 295 

low biomass to serve as a means to compare dynamics among ecosystems, but acknowledge that 296 

at low biomass it is the external supply of N that dominates dynamics and there is therefore no 297 

quasi-steady state. 298 

 For each of the eight ecosystems we present four simulations.  To represent ecosystem 299 

development from bare ground, we run one simulation starting with no soil organic matter and 300 

only 1 g C m
-2

 and 0.01 g N m
-2

 in vegetation biomass (some finite amount of vegetation 301 

biomass is required to initiate growth).  We also run three disturbance-recovery simulations 302 

starting with 1 g C m
-2

 and 0.01 g N m
-2

 in vegetation biomass.  In one of these disturbance 303 
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simulations we simulate a blow down by adding the C and N removed from the mature 304 

vegetation to the soil organic matter (i.e., transfer C and N from vegetation to soil, but leave the 305 

total ecosystem C and N unchanged from the steady state).  In the other two disturbance 306 

simulations, we simulate a removal of vegetation (e.g., harvest) and a removal of vegetation and 307 

part of the soil (e.g., as might result from fire) by removing all but the 1 g C m
-2

 and 0.01 g N m
-2

 308 

from the vegetation and removing either 0% (harvest) or 30% (fire) of the steady-state soil 309 

organic matter.  We acknowledge the caveat that with the constant parameters in our simple 310 

heuristic model we cannot capture dynamics associated with the changes in species composition 311 

that occur during both primary and secondary succession. 312 

 313 

Results 314 

 Because our analysis is based on the accumulation and distribution of N in ecosystems, we 315 

present our primary results on phase-plane plots of vegetation N versus total soil N (inorganic 316 

plus organic: Figs. 2 & 3).  Changes in total ecosystem N and in the distribution of N can thereby 317 

be represented by a single trajectory on these phase-plane plots (Kranabetter and others 2016).    318 

 Effects of ecosystem properties on the balanced-accumulation trajectory:  Along the 319 

continuum of quasi-steady states represented by the balanced-accumulation trajectory, vegetation 320 

N increases monotonically as soil N increases for all eight of the simulated ecosystems and 321 

terminates at the true steady state (thick long-dash lines in Figs. 2 & 3).  Because this terminus is 322 

anchored by the steady state, the vegetation-soil N distribution at steady state (property B above) 323 

has a major effect on the balanced-accumulation trajectory.  Openness (property A) has no effect 324 

on the balanced-accumulation trajectory in ecosystems with only inorganic N losses because we 325 

effectively close the N cycle to estimate each quasi-steady state along the continuum.  In 326 

ecosystems with refractory N losses the effect of openness is very small.  Refractory N loss 327 

(property C) has only a small effect on the balanced-accumulation trajectory, shifting the N 328 

distribution very slightly toward the soil because the organic N loss is returned to the inorganic N 329 

pool in our estimation of the quasi-steady state.   330 

 Effects of ecosystem properties on ecosystem development from bare ground:  When 331 

developing from bare ground, vegetation in all eight ecosystems initially accumulates N from 332 

sources external to the ecosystem.  This reliance on external N sources places the developing 333 

ecosystem above the balanced-accumulation trajectory in the phase-plane plots (solid lines in 334 
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Figs. 2 & 3).  The developing ecosystem then converges on the balanced-accumulation trajectory 335 

as it depends more and more on internally recycled N.  Because the approach to the steady state 336 

is asymptotic, the rate of N accumulation in the ecosystem decreases exponentially through time. 337 

 OPENNESS: The magnitude of the initial displacement above the balanced-accumulation 338 

trajectory is larger with a faster external N supply (displacement larger for more-open 339 

ecosystems in right panels than less-open ecosystems in left panels in Figs. 2 & 3).  As the soil 340 

develops, N mineralization increases until it becomes the major source of N to the vegetation. 341 

Thus, after the initially rapid growth, the vegetation becomes more dependent on N recycled 342 

within the ecosystem, vegetation and soil N accumulate in tandem, and the ecosystem converges 343 

on the balanced-accumulation trajectory.  Nevertheless, the more-open ecosystems continue to 344 

accumulate N about six times faster than the less-open ecosystems (bottom of Table 3).  345 

 VEGETATION-SOIL N DISTRIBUTION:  Because vegetation in the driver of biomass and 346 

organic matter accumulation and N accumulation is into that biomass and organic matter, 347 

ecosystems with 10% of their N in vegetation at steady state accumulate N 30-80% faster than 348 

ecosystems with only 5% of the N in vegetation (bottom of Table 3).  Because the ecosystem 349 

converges on the balanced-accumulation trajectory as it develops, the vegetation-soil N 350 

distribution at steady state has a major effect on the development trajectory.  As a result, N 351 

accumulates about ten times faster in soils than vegetation in ecosystems with 10% of the N in 352 

vegetation at steady state and about twenty times faster in ecosystems with only 5% of the N in 353 

vegetation at steady state (Table 3).  354 

 REFRACTORY N LOSS:  Refractory N losses are proportional to the amount of soil organic 355 

N that has been accumulated.  Thus, because of the initially low soil organic matter, ecosystems 356 

with refractory N losses accumulate N faster than ecosystems with only inorganic N losses 357 

(bottom of Table 3).  In ecosystems with 10% of the N in vegetation at steady state, the 358 

accumulation is about 40-50% faster with refractory N losses.  In ecosystems with 5% of the N 359 

in vegetation at steady state, the accumulation is only about 5-20% faster. 360 

 Recovery trajectories: Recovery from disturbance in our simulations proceeds in three 361 

Phases (Fig. 4). In Phase 1, if the residual soil releases N faster than the now smaller amount of 362 

vegetation can take it up, the ecosystem continues to lose N.  The N accumulated in vegetation 363 

during Phase 1 is derived predominantly from a redistribution of N from soils to vegetation 364 

(Figs. 2 & 3).  The duration and amount of N lost in Phase 1 depends on the amount of soil left 365 



13 

 

after the disturbance, the recovery rate of the vegetation, and the supply rate of N from outside 366 

the ecosystem. 367 

 In Phase 2, the vegetation has recovered enough that it accumulates N at least as fast as it is 368 

released from soils.  Nevertheless, most of the N accumulated in vegetation is still derived from 369 

residual soil N stocks and the net accumulation by the whole ecosystem during Phase 2 is small.  370 

By the end of Phase 2, the recovery trajectory converges on the balanced-accumulation trajectory 371 

(with some damped oscillations, Figs. 2 & 3).     372 

 Most of the N lost in the disturbance and during Phase 1 of recovery is re-accumulated in 373 

Phase 3 once vegetation and soil-microbial processes have come back into balance (Fig. 4).  This 374 

Phase-3 re-accumulation of N in our simulations closely follows the balanced-accumulation 375 

trajectory and is constrained in the same way as ecosystem development from bare ground.  376 

Progress toward the steady state during Phase 3 is very slow (Table 3).    377 

 Phase 1 recovery: All but two of the recovery trajectories crossed or nearly reached the 378 

balanced-accumulation trajectories during Phase 1 of recovery (Figs. 2 & 3; exceptions discussed 379 

below).  Thus, in Phase 1 although the soil is losing N faster than the vegetation takes it up, and 380 

overall the ecosystem is therefore losing N, in most cases the vegetation is able to sequester 381 

enough N to return to the balanced-accumulation trajectory before the ecosystem as a whole 382 

starts to gain N.  In half the ecosystems, the Phase 1 recovery trajectories are very close to the 383 

total ecosystem N isopleths (Figs 2 & 3), indicating that these ecosystems conserve their N 384 

stocks tightly.  This tight N retention is especially true of ecosystems that are less open (slower 385 

throughput) and ecosystems with refractory N losses.    386 

 Accumulation of N in vegetation is much faster during Phase 1 of recovery than during the 387 

development of vegetation from bare ground (Table 3).  This fast recovery of vegetation is 388 

possible because it is fueled predominantly by microbial release of soil organic N and the 389 

consequent redistribution of residual organic N from soils to vegetation.  During Phase 1, the rate 390 

of N loss from soils in the less-open ecosystems is 4.7 to 13.2 times faster than the supply of N 391 

from outside the ecosystem.  In the more-open systems, the rate of N loss from soils is only 0.8 392 

to 2.7 times the supply of N.  Except in the case of the blow-down disturbance where no C is 393 

removed from the ecosystem in the disturbance, following an initial loss of total ecosystem C, 394 

the transfer of N from soil (C:N = 20) to vegetation (C:N = 100) results in a net accumulation of 395 

C in the ecosystem by the end of Phase 1. 396 
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 The two simulations in which the recovery trajectory did not approach the balanced-397 

accumulation trajectory during Phase 1 are the recoveries of ecosystems 7 and 8 from vegetation 398 

removal and 30% loss of soil organic matter.  In these two simulations, the ecosystems began 399 

accumulating N immediately and therefore began Phase-2 recovery without Phase 1 (Figs. 3, A2, 400 

& A3).  In addition to the 30% loss of soil organic N, the other two factors both of these 401 

ecosystems have in common are that 95% of their N is in soils and 95% of their total N losses at 402 

steady state are as refractory N.  Each of these three factors contributes to low Phase-1 N loss, as 403 

discussed below. 404 

 In the blow-down simulations, C-rich organic matter from vegetation is added to the soil, 405 

which favors immobilization of N into soil organic matter (Vitousek and Matson 1984).  There is 406 

therefore a smaller loss of N from the ecosystem following the blow down than if organic matter 407 

is left untouched (Fig. 5).  Also, the high immobilization of N following a blowdown makes less 408 

N available for plant growth, and it makes the recovery of vegetation N slower than if soil 409 

organic matter is left untouched (Table 3).  410 

 OPENNESS:  The reliance on large internal N stocks even in the more open ecosystems 411 

means that the initial recovery of vegetation is not strongly affected by the external N supply.  412 

However, during Phase 1 of recovery as microbes continue to mineralize soil N in excess of 413 

plant requirements, inorganic N accumulates and is subject to faster loss.  Because openness 414 

increases throughput and therefore increases losses as much as inputs, the Phase 1 losses are 415 

faster and larger in more-open ecosystems (Fig. 5).  Nevertheless, the nearly 7-fold increase in N 416 

inputs in the more open ecosystems is not enough to compensate for the N-immobilization effect 417 

of C-rich organic matter from the blow down on vegetation recovery (Table 3).   418 

 VEGETATION-SOIL N DISTRIBUTION:  Ecosystems with less vegetation N and more soil 419 

N at steady state have slower rates of soil N turnover.  Thus, Phase 1 N accumulation in 420 

vegetation is substantially slower in ecosystems that have less N in vegetation at steady state 421 

(Table 3).  Nevertheless, because there is less vegetation biomass to recover in these ecosystems, 422 

the recovery trajectories cross the balanced-accumulation trajectory in roughly the same amount 423 

of time in both ecosystems with high and low vegetation N at steady state.  The ecosystems with 424 

more vegetation N and less soil N at steady state have faster rates of soil N turnover.  This fast N 425 

turnover enhances the buildup of inorganic N during Phase 1 recovery, resulting in higher Phase-426 
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1 N losses from ecosystems with more N in vegetation (Fig. 5; curves slant more to the left in 427 

upper panels than in lower panels in Figs. 2 & 3).   428 

 REFRACTORY N LOSS:  In the ecosystems where most of the steady-state N loss is 429 

refractory N, inorganic N losses are small relative to the stock of inorganic N (small N).  Thus, 430 

with high refractory N losses, the inorganic N that accumulates during Phase 1 is less susceptible 431 

to loss.  Therefore, high refractory N losses and commensurately low inorganic N losses mitigate 432 

Phase-1 total N losses, especially in ecosystems with more-open N cycles (Fig. 5; recovery 433 

curves slant further to the left in Fig. 2 than in Fig. 3, especially in panels on the right).  In 434 

addition, losses of N are lower in simulations where soil organic matter is removed in the 435 

disturbance because there is less organic N in these ecosystems to be mineralized and become 436 

susceptible to loss (Fig. 5).  This effect of organic matter removal is particularly evident in 437 

Ecosystems 7 and 8 in the simulations with 30% soil-organic-matter removal; as discussed 438 

previously, in these simulations the ecosystems began accumulating N immediately so there was 439 

no Phase 1 and therefore no Phase-1 N loss.  The effect is also evident in Ecosystems 3 and 5, 440 

which lose very little N during Phase 1 of recovery from vegetation removal and a 30% soil-441 

organic-matter removal. 442 

   443 

 Phase 2 recovery:  During Phase 2 of recovery, the ecosystems begin to re-accumulate N 444 

lost in the disturbance and during Phase 1 of the recovery.  As in ecosystem development from 445 

bare ground, this accumulation of N is constrained by the supply rate of external sources of N.  446 

Therefore, although Phase 2 has a long duration in all the simulations, the amount of N gained is 447 

small relative to the initial losses in the disturbance (see appendix Table A2).  In addition, 448 

because most of the simulations approached the balanced-accumulation trajectory in Phase 1 of 449 

recovery, there is very little redistribution of N from the residual soil to the vegetation during 450 

Phase 2.  In the two simulations where the recovery did not approach the balanced-accumulation 451 

trajectory by the end of Phase 1 (ecosystems 7 & 8 with 30% soil removed), the initial Phase-2 452 

trajectory is almost exclusively a redistribution of N from soils to vegetation (Figs. 3, A2, & A3).  453 

The small amount of N that is accumulated in Phase 2 is mostly toward the end of Phase 2 as the 454 

recovery trajectory converges on the balanced-accumulation trajectory in a damped oscillation.  455 

The amount of N accumulated during Phase 2 increases with the amount of N lost in the initial 456 
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disturbance (Fig. 5; largest accumulation in disturbance with 30% soil loss and smallest 457 

accumulation in blowdown disturbance). 458 

 OPENNESS:  Because the N accumulation rate is constrained by the supply rate of external 459 

N, the rates of Phase-2 N re-accumulation are roughly comparable in magnitude to the rates of N 460 

accumulation during development from bare ground in ecosystems with comparable total N 461 

stocks.  In all cases the ecosystems with more-open N cycles accumulated N faster than those 462 

with less-open N cycles (Fig. 5).   463 

 VEGETATION-SOIL N DISTRIBUTION:  Ecosystems with 10% of their N in vegetation at 464 

steady state had faster Phase-2 N accumulation rates than ecosystems with less N in the steady-465 

state vegetation (Fig. 5).  As with ecosystem development from bare ground, more vegetation 466 

biomass results in faster uptake of inorganic N, both directly by the vegetation and indirectly by 467 

the increased immobilization potential associated with more litter inputs to soil.  The higher N 468 

uptake in turn leaves less inorganic N available to be lost.  Hence the faster rate of Phase-2 N 469 

accumulation in ecosystems with more vegetation.    470 

 REFRACTORY N LOSS:  The effects of refractory N losses on Phase-2 N accumulation are 471 

like those in the development from bare ground (discussed above); because refractory N loses are 472 

proportional to the amount of N that has accumulated in soil organic matter, in most simulations 473 

N accumulates in the ecosystem faster if most of the total N losses are in refractory form rather 474 

than as inorganic N.  However, this effect is so weak that it is overridden by the effects of 475 

openness and vegetation-soil N distribution except when the N losses during the disturbance and 476 

during Phase 1 are large (e.g., when 30% of soil is removed). 477 

 478 

 Phase 3 recovery:  As with the development from bare ground, the recovery trajectories 479 

converge on the balanced-accumulation trajectory during Phase 3.  Except for the very small 480 

residual oscillations (<0.01% of vegetation N in recovery relative to development from bare 481 

ground), by Phase 3 the recovery trajectories are essentially the same as the trajectory of 482 

ecosystem development from bare ground.  The effects of openness, vegetation-soil N 483 

distribution, and refractory N losses are therefore identical to those in the later stages of 484 

ecosystem development from bare ground.  Most of the N re-accumulated in the recovery is 485 

accumulated during Phase 3 (see appendix Table A2). 486 

 487 
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Discussion 488 

 The balanced accumulation of elements in ecosystems is analogous to the concept of 489 

stoichiometrically balanced plant growth used by Ingestad and Ågren (1988) to analyze element 490 

limitation, uptake, and allocation in plants.  The stoichiometric approach provides an idealized 491 

framework to assess the biogeochemical constraints and stimuli that regulate ecosystem recovery 492 

from disturbance.  The most important result of our simulations is the three-phase trajectory of 493 

the recovery from disturbances that remove vegetation.  In Phase 1, the ecosystem trends toward 494 

a quasi-steady state along the balanced-accumulation trajectory, not toward the true steady state.   495 

During this phase, N is redistributed from soils to vegetation but with some additional net loss of 496 

N from the ecosystem.  Recovery of vegetation is fast during Phase 1 relative to later phases of 497 

recovery.  In Phase 2, the ecosystem begins re-accumulating N as it converges on the balanced-498 

accumulation trajectory.  In Phase 3, most of the N lost in the disturbance and during Phase 1 is 499 

slowly re-accumulated along the balanced-accumulation trajectory.  Our perspective on 500 

ecosystem recovery from disturbance suggests that the recovery dynamics identified by Jentsch 501 

and White (2019) should be partitioned into two phases, a fast initial approach to the quasi-502 

steady state followed by a slow approach to the true steady state along the balanced-503 

accumulation trajectory. 504 

 Bormann and Likens (1979, 1994) proposed an analogous conceptual model of forest 505 

recovery from disturbance in four phases:  (1) a Reorganization phase "during which the 506 

ecosystem loses total biomass despite the accumulation of living biomass;" (2) an Aggradation 507 

phase in which total biomass, both living and dead, accumulates; (3) a Transition phase "during 508 

which total biomass declines"; and (4) a Steady State phase in which the "total biomass 509 

fluctuates about a mean."    Our results suggest a conceptual model that differs from the one 510 

proposed by Bormann and Likens (1994) in several ways and extends the conceptual model 511 

proposed by Lovett and others (2018).  First, rather than biomass, our conceptual model, like the 512 

Lovett and others (2018) model, is based on nutrients that are most often limiting to growth in 513 

terrestrial ecosystems (N or P) and are tightly cycled within ecosystems.  Second, rather than a 514 

large increase in nutrient inputs through processes like N fixation, recovery from disturbance in 515 

our conceptual model is supported largely by a redistribution of residual nutrients from the soil 516 

to the vegetation (Figs. 2 & 3), as suggested by Yanai and others (2013) and Lovett and others 517 

(2018).  This redistribution dynamic is also obvious with other models in which there is a more 518 



18 

 

complex representation with multiple time scales in the soil dynamics (e.g., Rastetter and others 519 

2013, Pearce and others 2015, Jiang and others 2015, Nagy and others 2017).  Finally, if a large 520 

amount of nutrient is lost from the ecosystem as a result of the disturbance, our results suggest 521 

that the steady state in both the Bormann and Likens (1994) and Lovett and others (2018) 522 

conceptual models are most likely quasi-steady states and that the true steady state would only be 523 

approached very slowly, but could have the potential to sequester substantially more organic 524 

matter and nutrients.   525 

 In addition, the three phases in our recovery trajectories do not align well with the phases in 526 

the Bormann and Likens (1979, 1994) model (Fig. 4).  In our Phase 1, the ecosystem loses N.  527 

However, this loss is not coincident with the biomass loss in the Reorganization phase of the 528 

Bormann and Likens (1994) model.  During our Phase 1, the soil loses both C and N.  Some of 529 

that N is accumulated in vegetation.  Because the C:N ratio is so much higher in vegetation than 530 

soil, the ecosystem gains a substantial amount of C in the latter part of Phase 1.  Thus, our Phase 531 

1 includes both the Reorganization and at least part of the Aggradation phases in the Bormann 532 

and Likens (1994) model.  Our Phase 2 likely includes the remainder of the Aggradation phase 533 

plus the Transition phase in the Bormann and Likens model.  Our Phase 3 is a transition along a 534 

continuum of quasi-steady states in which most of the N lost as a result of the disturbance is re-535 

accumulated and is therefore not analogous to the steady state phase in the Bormann and Likens 536 

(1994) model. 537 

 The empirical challenge in applying our conceptual model following a disturbance is to 538 

recognize the reestablishment of balance between vegetation and soil-microbial processes and to 539 

distinguish between the continuum of quasi-steady states along our balanced-accumulation 540 

trajectory and the true steady state.  The very slow progress during Phase 3 of the recovery 541 

trajectories and the spatial variability among ecosystems within the same biome will likely make 542 

this challenge difficult to address.  Having comprehensive data on ecosystem characteristics 543 

before the disturbance will of course help in evaluating recovery back to the pre-disturbance 544 

state, but it will still be difficult to assess how close the ecosystem was to steady state before it 545 

was disturbed. 546 

 The simple structure and fixed parameters we use in our model enhances its heuristic value, 547 

but at the expense of the specifics that distinguish individual ecosystems.  For example, our 548 

simple model does not allow us to capture changes in biogeochemical characteristics of the 549 
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ecosystem associated with long-term successional changes in the vegetation and soil 550 

communities (e.g., Jordan 1985, Lambers and others 2008).  However, our simulations 551 

encompass a wide range of vegetation and soil characteristics (appendix Fig. A1).  For example, 552 

the transition from fast-turnover to slow-turnover vegetation can be viewed as a transition in the 553 

vegetation-soil N distribution (transition from lower to upper panels in Figs. 2 & 3).  Similarly, 554 

changes in the community, like the exclusion of symbiotic N fixers (discussed below), might 555 

change the openness of an ecosystem during succession (transition from right to left panels in 556 

Figs. 2 & 3).  557 

 We examine the effects of three factors on ecosystem recovery from disturbance.  The first is 558 

openness of cycles for elements like N.  More-open ecosystems have both faster inputs and faster 559 

losses.  Thus, they accumulate N faster during the later stages of recovery, but also lose more N 560 

early in recovery when vegetation uptake cannot keep up with N release from soils by microbes.  561 

The second factor we examine is the distribution of N between soil and vegetation at steady 562 

state.  Ecosystems with low soil and high vegetation N stocks have fast soil N turnover and slow 563 

vegetation N turnover rates.  The fast soil N turnover exacerbates the inability of plants to keep 564 

up with N release by soil microbes following disturbance and therefore results in higher N losses 565 

in Phase 1 of recovery, especially if most of the N loss from the ecosystem is as inorganic N 566 

rather than as refractory organic N.  The third factor we examine is the proportion of total 567 

ecosystem N losses that are as refractory organic N versus inorganic N.  Refractory stocks of N 568 

must first accumulate in soil before they can be lost from the ecosystem.  In addition, with high 569 

refractory organic N losses and low inorganic N losses, inorganic N can accumulate and be taken 570 

up by vegetation and microbes before it is lost.  Thus, ecosystem N losses during Phase 1 of 571 

recovery are mitigated if most of the losses are as refractory organic N because the accumulation 572 

of refractory N is slow and the accumulation of inorganic N is less susceptible to loss.  This 573 

result is seemingly contrary to the results of Rastetter and others (2005) who found that high 574 

organic N losses resulted in lower C sequestration under elevated CO2 and elevated CO2 plus 575 

warming.  However, elevated CO2 and warming increase N demand by vegetation and microbes 576 

(through faster growth) whereas in our manipulations N demand decreases (through removal of 577 

plant biomass and less litter following disturbance).   578 

 The intensity of the disturbance also affects the pattern of recovery.  In all our simulations we 579 

removed virtually all of the vegetation but either left the soil untouched or added or removed soil 580 
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organic matter.  Leaving high C:N-ratio slash after the disturbance, like we did in our blow-down 581 

simulations, has two major effects.  First, because less N is removed from the ecosystem, less N 582 

needs to be re-accumulated in the recovery.  Second, the slash enhances microbial 583 

immobilization of N and thereby keeps N in the ecosystem.  This N immobilization can inhibit N 584 

uptake by vegetation and can slow vegetation growth early in recovery relative to an ecosystem 585 

where the soil is left untouched (Table 3).  However, in the long term the retention of N in the 586 

ecosystem means less N needs to be re-accumulated in Phase 3 and thereby substantially 587 

accelerates full recovery (Figs. 2 & 3; see also Rastetter and others 2013).  Removal of soil 588 

organic matter in the disturbance slows both initial and long-term recovery.  Early in recovery, 589 

the loss of soil organic matter means there is less soil N that can be transferred to the recovering 590 

vegetation relative to ecosystems where the soil is untouched (Table 3).  In the long term, 591 

removal of soil organic matter means that there is more N that needs to be re-accumulated in 592 

Phase 3 and thereby slows full recovery (Figs. 2 & 3). 593 

 Because the accumulation of elements like N is asymptotic, most terrestrial ecosystems 594 

would be recognized as “mature” well before the steady state.  Disturbance often leaves legacy 595 

effects on ecosystems (Gaiser and others 2020); the delay in recovery along the balanced-596 

accumulation trajectory is one such legacy.  Indeed, many ecosystems are likely in a quasi-steady 597 

state and will not approach the true steady state before they are again harvested or disturbed.  598 

This disturbance cycle is easily incorporated into our conceptual framework.  If an ecosystem is 599 

disturbed again before it can re-accumulate lost N, then its N stocks will ratchet back, and the 600 

new recovery trajectory will start with even less N than the previous recovery (Bormann and 601 

Likens 1979, Jordan 1985).  The newest recovery will still approach the original balanced-602 

accumulation trajectory, which is set by climate, biota, and edaphic factors.  However, because 603 

of the asymptotic, concave downward nature of the N accumulation trajectories, lower total N 604 

stocks are accompanied by a faster N accumulation rate.  Thus, with the ratcheting back of N 605 

stocks, there will be both less N to re-accumulate and a faster rate of accumulation.  Phase 1 will 606 

be shorter and post-disturbance losses during Phase 1 will be smaller (compare duration and N 607 

loss in Phase 1 with 30% soil removal to other recoveries in appendix Table A2).  Eventually the 608 

N stocks should ratchet down sufficiently to result in a stable limit cycle of disturbance and 609 

recovery on an average disturbance-return interval (see Appendix Fig. A4; Bormann and Likens 610 

1979, Jordan 1985).  611 
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 Our analysis also suggests strategies for fertilization schedules for harvested ecosystems.  612 

Adding fertilizer during Phase 1 of recovery might stimulate vegetation growth if losses from the 613 

ecosystem maintain nutrient concentrations below that needed to saturate plant uptake capacity.  614 

Thus, even though the vegetation is unable to take up the full amount of nutrient being released 615 

by the soil during Phase 1, as long as the uptake capacity is not saturated, that rate of uptake will 616 

still increase if the available concentration of the nutrient increases with fertilization.  617 

Nevertheless, our simulations, in agreement with Matson and others (1998), suggest that adding 618 

fertilizer during Phase 1 would be inefficient even if growth were stimulated because a large 619 

fraction of the added fertilizer would also be lost from the ecosystem.  A more effective use of 620 

fertilizer would be to add it during Phases 2 or 3.  Indeed the addition of fertilizer would 621 

substantially increase the rate of Phase 3 recovery because that rate is directly limited by nutrient 622 

supply from outside the ecosystem.  623 

 Like fertilization, symbiotic N fixation would accelerate N accumulation in the ecosystem 624 

during recovery.  Conditions might be favorable for plant species with N-fixing symbionts early 625 

in recovery if the N release by soils is low enough while the canopy is still open (Rastetter and 626 

others 2001, Vitousek and others 2002).  If so, then the ecosystem should initially behave like a 627 

more-open system and then transition to a less-open system as the plant species with N-fixing 628 

symbionts get excluded by later successional species (see appendix Fig. A5).  In addition, N 629 

fixing species generally turn over N more rapidly (Vitousek and others 2002, Perakis and others 630 

2012), which could shift the distribution of N from vegetation to soil.  These issues are 631 

interesting topics for a future analysis. 632 

 Another direction for future analysis is the role of multiple-limiting resources.  If, for 633 

example, the initial recovery was limited by P, how would the Phase 1 trajectory of N change?  634 

The expectation would be that the P limitation would slow vegetation recovery and therefore 635 

slow N uptake by vegetation.  Inorganic N would therefore build up in the soil and be more 636 

readily lost, resulting in a higher loss of soil N relative to N accumulated by vegetation (tilting 637 

Phase 1 curves to the left in Figs. 2 & 3).  But would the addition of P limitation also shift the 638 

position of the balanced-accumulation trajectory for N and thereby alter Phases 2 and 3 of the 639 

recovery?  Eventually the N and P cycles would synchronize (Rastetter and others 2013), but 640 

what effect does this synchronization have on the shapes of the balanced-accumulation and 641 

recovery trajectories for both N and P? 642 
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 In summary, we use a simple model to optimize the heuristic value of the analysis, allowing 643 

us to use a single model to compare dynamics among ecosystems with very different 644 

characteristics and responses to very different disturbances.  This choice, of course, results in a 645 

degree of abstraction that would not be necessary in more-complex, more-realistic models.  646 

Nevertheless, our analysis should serve as a template against which the results of more complex 647 

models can be evaluated.  The importance of internally recycled N on ecosystem responses to 648 

climate change is now well recognized (Schimel and others 1996, Thornton and others 2007, 649 

Compton and others 2007, Running 2008, Figueiredo and others 2019) and is being incorporated 650 

in more complex models (Comins and McMurtrie 1993, Comins 1997, Thornton and others 651 

2009).  In broad strokes, the more-complex models predict similar post-disturbance, three-phase 652 

recovery (e.g., Comins and McMurtrie 1993, Thornton and others 2002, Rastetter and others 653 

2013).  As long as recycling of nutrients within the ecosystem is fast relative to the rate of 654 

nutrient supply from outside the ecosystem, recovery from disturbance is likely to first approach 655 

a quasi-steady state in which vegetation and soil-microbial processes come into relative balance.  656 

The ecosystem should then follow a balanced-accumulation trajectory defined by a continuum of 657 

these quasi-steady states as the ecosystem continues to accumulate nutrients lost in the 658 

disturbance and approaches the true steady state.  Our simulation results support the importance 659 

of three characteristics of ecosystems that all require further study in relation to ecosystem 660 

response to disturbance: (1) openness of element cycles, (2) distribution and turnover of elements 661 

in vegetation versus soils, and (3) refractory versus labile losses of vital elements.  662 
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Tables: 840 

 841 

 842 

Table 1: Model Equations.  Variables and parameters defined in Table 2. 843 

 CARBON  NITROGEN  

ALLOMETRY & 

STOICHIOMETRY 

CONSTRAINTS 

1 
 

2 
 

  

3 

 

4 

 

  

  5 

 

  

6 
 

7 
 

8 
 

9  10 
 

11 
 

12  13 
 

14 
 

15  16 
 

  

17 𝑄𝐶𝑅 = 𝑞𝐷𝑂𝑀 𝑄𝑁𝑅 18 𝑄𝑁𝑅 = 𝛽𝑁𝑅𝐷𝑁   

  19    

 844 

  845 

𝑑𝐵𝐶

𝑑𝑡
= 𝑃𝑠 − 𝐿𝑖𝑡𝐶 − 𝑅𝑎 

𝑑𝐵𝑁

𝑑𝑡
= 𝑈𝑁 − 𝐿𝑖𝑡𝑁 

𝑑𝐷𝐶

𝑑𝑡
= 𝐿𝑖𝑡𝐶 − 𝑅ℎ 

         − 𝑄𝐶𝑅 

𝑑𝐷𝑁

𝑑𝑡
= 𝐿𝑖𝑡𝑁 + 𝑈𝑁𝑚 

             −𝑁𝑚𝑖𝑛 − 𝑄𝑁𝑅  

𝑑𝑁

𝑑𝑡
= 𝑁𝑖𝑛 + 𝑁𝑚𝑖𝑛 − 𝑈𝑁 

           −𝑈𝑁𝑚 − 𝑄𝐷𝐼𝑁 

𝑃𝑠 =
𝑔𝐶

𝚿
𝑆 

 𝐶𝑎

𝑘𝐶 + 𝐶𝑎
 𝑈𝑁 = 𝑔𝑁 𝚿 𝑆

 𝑁

𝑘𝑁 + 𝑁
 𝑆 = 𝐵𝐶

(∝ 𝐵𝐶 + 1)

(𝛾 𝐵𝐶 + 1)
 

𝐿𝑖𝑡𝐶 = 𝑚𝐶𝐵 𝐵𝐶  𝐿𝑖𝑡𝑁 =
𝑚𝑁𝐵

𝚿
𝐵𝑁 

𝑅𝑎 = 𝑟𝐵 𝐵𝐶  𝚿 𝑈𝑁𝑚 = 𝑔𝑁𝑚 𝚽 𝐷𝐶  
𝑁

𝑘𝑁𝑚 + 𝑁
 

𝑅ℎ = 𝑟𝐷 𝐷𝐶  𝚽 𝑁𝑚𝑖𝑛 =
𝑚𝑁𝑚

𝚽
  𝐷𝑁 

𝑄𝐷𝐼𝑁 = 𝛽𝑁  𝑁 

𝚿 =
𝐵𝐶

𝐵𝑁 𝑞𝐵
 

𝚽 =
𝐷𝐶

𝐷𝑁 𝑞𝐷
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 846 

Table 2: Variable and parameter definitions, symbols, and units  847 

Variable or parameter Symbol Units 

Vegetation C BC g C m
-2 

Detrital C DC g C m
-2

 

Vegetation N BN g N m
-2

 

Detrital N DN g N m
-2

 

Inorganic N N g N m
-2

 

Photosynthesis Ps g C m
-2

 yr
-1 

Autotrophic respiration Ra g C m
-2

 yr
-1 

Litter-fall C LitC g C m
-2

 yr
-1 

Heterotrophic respiration Rh g C m
-2

 yr
-1 

Vegetation N uptake UN g N m
-2

 yr
-1 

Litter-fall N LitN g N m
-2

 yr
-1 

Gross N mineralization Nmin g N m
-2

 yr
-1 

N immobilization UNm g N m
-2

 yr
-1 

Inorganic N losses  QDIN g N m
-2

 yr
-1 

Refractory N losses QNR g N m
-2

 yr
-1 

Refractory C losses  QCR g C m
-2

 yr
-1 

Allometric constraint S g C m
-2

 

Vegetation stoichiometric constraint  none 

Soil stoichiometric constraint  none 

Atmospheric CO2 Ca mol mol
-1 

N inputs  Nin g N m
-2

 yr
-1 

Allometric parameter 1  m
2
 g

-1
 C 

Allometric parameter 2  m
2
 g

-1
 C 

Optimum vegetation C:N  qB g C g
-1 

N 

Optimum soil C:N qD g C g
-1 

N 

Photosynthesis rate parameter gC yr
-1 

CO2 half-saturation constant kC mol mol
-1

 

Autotrophic respiration constant rB yr
-1 

Vegetation C turnover rate constant mCB yr
-1 

Vegetation N-uptake rate parameter gN g N g
-1

 C yr
-1 

Vegetation N half-saturation constant kN g N m
-2

 

Vegetation N turnover rate constant mNB yr
-1

 

Heterotrophic respiration constant rD yr
-1

 

Microbial N-uptake rate parameter gNm g N g
-1

 C yr
-1 

Microbial N half-saturation constant kNm g N m
-2

 

Soil organic N turnover constant mNm yr
-1

 

C:N of DOM loss qDOM g C g
-1

N 

N loss-rate parameter N yr
-1

 

Refractory N loss parameter NR yr
-1 

 848 

  849 
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Table 3: Vegetation, soil, and total N accumulation rates during the first forty years of the 850 

simulations. BG - simulations of ecosystem development from bare ground.  BD – “blowdown” 851 

simulation transferring vegetation biomass to soils.  0% - removal of vegetation but leaving soil 852 

intact. 30% - removal of vegetation and 30% of soil organic matter.  BG 400 - for comparison, N 853 

accumulation rates in the simulations of development from bare ground once 400 g N m
-2

 has 854 

accumulated in the ecosystem as an indicator of Phase 3 N accumulation rates. 855 

 856 

 857 

 858 

 859 

  860 

g N m
-2

 yr
-1 

Ecosystem 

1 2 3 4 5 6 7 8 

Without refractory N losses With refractory N losses 

10% N in      

vegetation 

5% N in  

vegetation 

10% N in      

vegetation 

5% N in  

vegetation 

Nin= 

3% UN 

Nin = 

20% UN 

Nin = 

3% UN 

Nin = 

20% UN 

Nin = 

3% UN 

Nin = 

20% UN 

Nin = 

3% UN 

Nin = 

20% UN 

BG 

Vegetation 0.08 0.27 0.04 0.14 0.08 0.32 0.04 0.14 

Soil 0.15 0.89 0.09 0.62 0.16 1.19 0.09 0.73 

Total 0.22 1.16 0.13 0.76 0.24 1.51 0.13 0.87 

BD 

Vegetation 1.41 1.19 0.85 0.80 1.52 1.49 0.87 0.87 

Soil -3.46 -4.75 -1.01 -1.56 -1.86 -2.99 -0.88 -0.95 

Total -2.05 -3.56 -0.16 -0.76 -0.34 -1.50 -0.01 -0.08 

0% 

Vegetation 1.41 1.17 0.93 0.83 1.71 1.58 0.97 0.98 

Soil -4.01 -5.34 -1.29 -2.20 -2.24 -3.51 -0.99 -1.10 

Total -2.60 -4.18 -0.36 -1.36 -0.53 -1.93 -0.02 -0.12 

30% 

Vegetation 1.16 0.98 0.73 0.69 1.35 1.33 0.75 0.78 

Soil -2.30 -3.27 -0.88 -1.32 -1.44 -1.71 -0.72 -0.57 

Total -1.14 -2.29 -0.14 -0.63 -0.09 -0.38 0.03 0.21 

BG 

400 

Vegetation 0.007 0.038 0.002 0.014 0.009 0.057 0.003 0.017 

Soil 0.067 0.392 0.053 0.323 0.092 0.595 0.055 0.397 

Total 0.073 0.430 0.055 0.337 0.102 0.652 0.058 0.414 
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Figure captions: 861 

 862 

Figure 1: A simple model of coupled carbon (C) and nitrogen (N) interactions in an ecosystem. 863 

Stocks - BC autotrophic C, DC detrital & heterotrophic C, BN autotrophic N, DN detrital & 864 

heterotrophic N, N available N.  Processes - Ps photosynthesis, Ra autotrophic respiration, LitC C 865 

in litterfall, Rh heterotrophic respiration, UN autotrophic N uptake, LitN N in litterfall, Nmin gross 866 

N mineralization, UNm N uptake by heterotrophs, Nin inorganic N inputs, QDIN inorganic N losses, 867 

QNR refractory N loss, QCR refractory C loss.  868 

 869 

Figure 2: Balanced-accumulation, ecosystem-development, and recovery trajectories on 870 

vegetation N versus soil N phase-plane plots for the four ecosystems with no refractory N losses.  871 

Thick, long-dashed line - balanced-accumulation trajectory.  Solid gray lines - isopleths of total 872 

ecosystem N (vegetation plus soil N).  Solid black line – ecosystem development from bare 873 

ground.  Dotted line – blowdown simulations in which steady-state vegetation biomass is 874 

transferred to the soil.  Dashed line – 0% soil removal simulation in which vegetation biomass is 875 

removed, but no soil is removed.  Dash-dot line – 30% soil removal in which vegetation biomass 876 

is removed, and 30% of the steady-state soil is removed.   877 

 878 

Figure 3: Balanced-accumulation, ecosystem-development, and recovery trajectories on 879 

vegetation N versus soil N phase-plane plots for the four ecosystems with refractory N losses.  880 

Lines and symbols as in Fig. 2.  881 

 882 

Figure 4: Recovery of total, vegetation, and soil C and N for Ecosystem 6 following removal of 883 

vegetation but soil left untouched.  This simulation was selected because it lost the most N and 884 

therefore illustrates the 3 phases most clearly.  Time is presented on a log scale to make 885 

dynamics early in recovery more visible.  Letters at the top of the figure delineate the four phases 886 

of recovery identified by Bormann and Likens (1994): R - Reorganization, A - Aggradation, T - 887 

Transition, and S - Steady State.  Dash-dot lines in upper two panels represent the total C and N 888 

levels if N accumulation stopped and the ecosystem reached a steady state at the end of the 889 

Transition Phase in the Bormann and Likens conceptual model.  Vertical black lines and 890 

numbers at the top separate the three recovery phases in our conceptual model.  In Phase 1, 891 
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vegetation accumulates N but not as fast as N is lost from soil.  Total N therefore continues to 892 

decline.  Initially, total C is also lost during Phase 1.  However, because the C:N ratio of 893 

vegetation is so much larger than that of soil, total C increases substantially later in Phase 1. In 894 

Phase 2, total N begins to accumulate and vegetation and soil-microbial processes come into 895 

balance.  Most of the N is re-accumulated in Phase 3.  In the lower two panels, increments on left 896 

and right are the same so slopes can be compared between vegetation and soil.   897 

 898 

Figure 5:  Gains and losses of N by the ecosystems during phases 1, 2, and 3 of recovery for the 899 

blowdown disturbance (BD: steady-state biomass transferred to soil), removal of vegetation but 900 

soil left undisturbed (0%), and removal of vegetation and 30% of the soil organic matter (30%). 901 

Each bar is an average for the four ecosystems with the specified characteristic listed at the 902 

bottom.  Data for individual ecosystems are listed in appendix Table A2. 903 

 904 

  905 
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Figures: 906 
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Appendix: Biogeochemical Recovery from Disturbance: Model Parameterization, Recovery 939 
Statistics, and Ancillary Results. 940 

 941 

In this appendix we present details on the parameterization of the model for the eight ecosystems 942 

(Table A1) and the properties of these ecosystems in relation to the properties of some 943 

ecosystems reported in the literature (Fig. A1). 944 

 945 

We also present statistics on the timing and gains and losses of N by the eight ecosystems during 946 

the three-phase recovery in relation to the ecosystem properties and the severity of disturbance 947 

(Table A2).  948 

 949 

Finally, we present results for several simulations.  We again present the simulated recovery of 950 

Ecosystems 7 and 8 from a removal of vegetation and 30% of the soil organic matter.  These 951 

simulations are presented as a phase plane plot in the main text (Fig. 3).  Here we plot C and N 952 

stocks against time (Figs. A2 & A3).  We also present the results of repeated vegetation removal 953 

on a 300-year cycle (Fig. A4) and of symbiotic N fixation on ecosystem development from bare 954 

ground and on recovery from disturbance (Fig. A5). 955 

 956 

 957 

  958 
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Tables:  959 
Table A1: Steady-state variables and parameters (4 significant digits).  State variables are listed 960 

first, followed by processes, drivers, and parameters. Bold type - constant across all eight 961 

ecosystems. 962 

  Ecosystem 
  1 2 3 4 5 6 7 8 
  Without refractory N losses With refractory N losses 
  10% N in 

vegetation 

5% N in  

vegetation 

10% N in 

vegetation 

5% N in  

vegetation   Nin= Nin = Nin = Nin = Nin = Nin = Nin = Nin = 
3% UN 20% UN 3% UN 20% UN 3% UN 20% UN 3% UN 20% UN 

BC 7000 7000 3500 3500 7000 7000 3500 3500 

DC 12600 12600 13300 13300 12600 12600 13300 13300 

BN 70 70 35 35 70 70 35 35 

DN 630 630 665 665 630 630 665 665 

N 1 1 1 1 1 1 1 1 

Ps 798.9 798.9 448.7 448.7 798.9 798.9 448.7 448.7 

Ra 350 350 175 175 350 350 175 175 

LitC 448.9 448.9 273.7 273.7 448.9 448.9 273.7 273.7 

Rh 448.9 448.9 273.7 273.7 440.9 395.7 269.2 243.9 

UN 7.989 7.989 4.487 4.487 7.989 7.989 4.487 4.487 

LitN 7.989 7.989 4.487 4.487 7.989 7.989 4.487 4.487 

Nmin 42.64 42.64 41.06 41.06 42.41 41.12 40.93 40.21 

UNm 34.65 34.65 36.58 36.58 34.65 34.65 36.58 36.58 

QDIN 0.2397 1.598 0.1346 0.8974 0.01198 0.07989 0.006731 0.04487 

QNR 0 0 0 0 0.228 1.518 0.128 0.853 

QCR 0 0 0 0 7.969 53.124 4.476 29.840 

S 79.89 79.89 44.87 44.87 79.89 79.89 44.87 44.87 

 1 1 1 1 1 1 1 1 

 1 1 1 1 1 1 1 1 

Ca 400 400 400 400 400 400 400 400 

Nin 0.2397 1.598 0.1346 0.8974 0.2397 1.598 0.1346 0.8974 

 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 

qB 100 100 100 100 100 100 100 100 

qD 20 20 20 20 20 20 20 20 

gC 20 20 20 20 20 20 20 20 

kC 400 400 400 400 400 400 400 400 

rB 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

mCB 0.06412 0.06412 0.07821 0.07821 0.06412 0.06412 0.07821 0.07821 

gN 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

kN 1 1 1 1 1 1 1 1 

mNB 0.1141 0.1141 0.1282 0.1282 0.1141 0.1141 0.1282 0.1282 

rD 0.03562 0.03562 0.02058 0.02058 0.03499 0.03141 0.02024 0.01834 

gNm 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 

kNm 1 1 1 1 1 1 1 1 

mNm 0.06768 0.06768 0.06175 0.06175 0.06732 0.06527 0.06156 0.06047 

qDOM 35 35 35 35 35 35 35 35 

N 0.2397 1.598 0.1346 0.8974 0.01198 0.07989 0.006731 0.04487 

NR 0 0 0 0 
3.614   

x10
-04

 

2.409   

x10
-03

 

1.923   

x10
-04

 

1.282   

x10
-03

 

  963 



41 

 

Table A2: Recovery statistics. BD – “blowdown” simulation transferring vegetation biomass to 964 

soils.  0% - removal of vegetation but leaving soil intact. 30% - removal of vegetation and 30% 965 

of soil organic matter. 966 
 Ecosystem 

 1 2 3 4 5 6 7 8 

 Without refractory N losses With refractory N losses 

 
10% N in 

vegetation 

5% N in  

vegetation 

10% N in 

vegetation 

5% N in  

vegetation 

 
Nin= 

3% UN 

Nin = 

20% UN 

Nin = 

3% UN 

Nin = 

20% UN 

Nin = 

3% UN 

Nin = 

20% UN 

Nin = 

3% UN 

Nin = 

20% UN 

Phase 1 

duration 

(years) 

 
       

BD 64 63 71 69 55 48 63 60 

0% 52 51 58 55 43 37 39 39 

30% 42 40 40 38 31 29 0 0 

Phase 2 

duration 

(years) 

        

BD 141 105 174 162 163 159 264 191 

0% 142 104 180 160 161 160 206 202 

30% 145 104 165 162 161 158 209 209 

Initial loss 

(g N m
-2

) 

        

BD 0 0 0 0 0 0 0 0 

0% -69.99 -69.99 -34.99 -34.99 -69.99 -69.99 -34.99 -34.99 

30% -258.99 -258.99 -234.49 -234.49 -258.99 -258.99 -234.49 -234.49 

Phase 1 N 

loss  

(g N m
-2

) 

        

BD -87.78 -159.93 -8.44 -38.96 -16.17 -63.35 -0.57 -3.70 

0% -105.18 -170.61 -15.33 -57.33 -21.33 -77.45 -0.73 -4.99 

30% -45.74 -91.50 -5.76 -25.27 -4.14 -20.17 0.00 0.00 

Phase 2 N 

gain  

(g N m
-2

) 

    

    

BD 3.20 21.68 0.60 7.74 0.97 19.22 0.06 0.97 

0% 5.98 32.38 2.02 16.39 4.91 44.33 1.40 9.17 

30% 10.73 48.30 7.13 43.05 13.92 82.97 8.86 52.77 

Phase 3 N 

gain  

(g N m
-2

) 

        

BD 84.58 138.26 7.84 31.22 15.20 44.13 0.51 2.73 

0% 169.20 208.22 48.30 75.93 86.41 103.11 34.32 30.81 

30% 294.00 302.19 233.12 216.71 249.21 196.19 225.63 181.72 

 967 

  968 
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Appendix Figure Captions: 969 

 970 

Figure A1: Model experimental setup relative to some terrestrial ecosystems.  Open circles show 971 

the characteristics of the ecosystems simulated in this study.  Data were compiled for tropical 972 

rain forest by Nagy and others (2017), for temperate evergreen forest by Rastetter (2011), for 973 

northern hardwood by Rastetter et al. (2013), for arctic tundra by Pearce and others (2015), for 974 

annual grassland by Woodmansee and Dugan (1980), and for two prairies (1) by Blair and others 975 

(1998; soil to 25 cm) and (2) by Risser and Parton (1982; soil to 1 m).  Openness of the annual 976 

grassland is high because of the high reported rates of symbiotic N fixation – over 70% of the 977 

total N inputs.  Only four open circles in left panel because refractory losses are not illustrated in 978 

this figure, only two open circles in right panel because total ecosystem N is the same in all 979 

simulations. 980 

 981 

Figure A2: Recovery of total, vegetation, and soil C and N for Ecosystem 7 following removal 982 

of vegetation and 30% of the soil.  Time is presented on a log scale to make dynamics early in 983 

recovery more visible.  Letters at the top of the figure delineate the four phases of recovery 984 

identified by Bormann and Likens (1994): R - Reorganization, A - Aggradation, T - Transition, 985 

and S - Steady State.  Dash-dot lines in upper two panels represent the total C and N levels if N 986 

accumulation stopped and the ecosystem reached a steady state at the end of the Transition Phase 987 

in the Bormann and Likens conceptual model.  Vertical black lines and numbers at the top 988 

separate the recovery phases in our conceptual model.  Phase 1 is missing because the ecosystem 989 

begins to accumulate N immediately after the disturbance. In Phase 2, total N accumulates and 990 

vegetation and soil-microbial processes come into balance.  Almost all the N is re-accumulated 991 

in Phase 3.  In the lower two panels, increments on left and right are the same so slopes can be 992 

compared between vegetation and soil.   993 

 994 

Figure A3:   Recovery of total, vegetation, and soil C and N for Ecosystem 8 following removal 995 

of vegetation and 30% of the soil.  Lines and notations are as in Fig. A2. 996 

 997 

Figure A4: Recovery trajectories on vegetation N versus soil N phase-plane plots for Ecosystem 998 

8 on a 300-year harvest cycle.  Solid black line –accumulation trajectory from bare ground; black 999 
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dot – steady state distribution of N between vegetation and soil; dashed lines – recovery 1000 

trajectories for ten sequential harvests, on a 300-year harvest cycle, with 99% of vegetation 1001 

removed and soil left untouched.  The recovery trajectories approach a stable limit cycle as the 1002 

amount of N lost in subsequent harvests decreases to the amount the ecosystem can sequester in 1003 

the 300-year recovery period.  The first harvest is to the right and each subsequent harvest is 1004 

displaced to the left as more and more N is lost from the ecosystem. 1005 

 1006 

Figure A5: Accumulation from bare ground and recovery trajectories on vegetation N versus 1007 

soil N phase-plane plots for Ecosystem 7 with and without N fixation.  To constrain N fixation to 1008 

early succession, N fixation is simulated as 𝐹 = 𝐹0(1 − (𝑆 𝑆𝑚𝑎𝑥⁄ )2) if S < Smax , F = 0 1009 

otherwise; with F0 = 3 and Smax = 30.  The thick solid line in the upper panel is the accumulation 1010 

trajectory from bare ground with N fixation held constant at 3 g N m
-2

 yr
-1

.  The dashed gray line 1011 

in the upper panel is the accumulation trajectory from bare ground without N fixation (same 1012 

trajectory as in the lower panel).  The lower panel shows the same simulations as those in the 1013 

panel for Ecosystem 7 in Fig. 3.  All other lines and symbols are as in Fig. 2.  Nitrogen-fixing 1014 

species generally turn over N more rapidly (Vitousek and others 2002), which shifts the 1015 

distribution of N from vegetation to soil (recovery trajectories tilt more to the right in the upper 1016 

panel than the lower panel).  Once the N-fixing species is excluded during succession, the 1017 

recovery trajectories shift back toward the balanced-accumulation trajectory for an ecosystem 1018 

with lower total N at steady state (tilt back to the left).  Thus, the recovery trajectory with early-1019 

succession N fixation rapidly accumulates N and accelerates the N cycle under the influence of 1020 

the symbiotic N fixer (Perakis and others 2012).  Then, with the loss of the N fixer, the 1021 

ecosystem transitions back toward a more-closed, less rapid N cycle and potentially loses some 1022 

of the accumulated N; overall resulting in a recovery that arches out to the right then back to the 1023 

left.  1024 

 1025 

 1026 

  1027 
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Figure A2 
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Figure A3 

R A

2

7000

9000

11000

13000

0

2000

4000

6000

0.1 1 10 100 1000 10000

400

500

600

700

0

100

200

300

0.1 1 10 100 1000 10000

400

450

500

550

600

650

700

0.1 1 10 100 1000 10000

8000

10000

12000

14000

16000

18000

0.1 1 10 100 1000 10000

7000

9000

11000

13000

0

2000

4000

6000

0.1 1 10 100 1000 10000

400

500

600

700

0

100

200

300

0.1 1 10 100 1000 10000

400

450

500

550

600

650

700

0.1 1 10 100 1000 10000

8000

10000

12000

14000

16000

18000

0.1 1 10 100 1000 10000

Time (yrs)

To
ta

l
g 

C
 m

-2

V
e

ge
ta

ti
o

n
g 

C
 m

-2

So
il

g 
C

 m
-2

So
il

g 
N

 m
-2

V
e

ge
ta

ti
o

n
g 

N
 m

-2

To
ta

l
g 

N
 m

-2

T S

3

Total C

Total N

Soil C

Soil N

Vegetation C

Vegetation N



47 

 

 1034 

 1035 

 1036 

 1037 

  1038 

 
Figure A4 



48 

 

 1039 

 1040 

 1041 

 1042 

 
Figure A5 


