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ABSTRACT

Parameter-efficient fine-tuning (PEFT) enables large language models (LLMs) to
adapt to specialized tasks, but often at the cost of degrading general capabilities
acquired during pretraining. Existing approaches primarily mitigate this trade-off
through data replay or regularization, relying on additional data or explicit opti-
mization constraints. We instead focus on a different question: where should adap-
tation be applied? We find that fine-tuning different Transformer layers produces
different target-task gains and degrees of capability degradation, suggesting that
not all layers are equally suitable for adaptation. To characterize this difference,
we use layer-wise empirical Fisher information to measure target-task sensitivity.
However, computing Fisher scores requires backward computation and becomes
increasingly expensive for large models. We therefore introduce input—output co-
sine similarity as a lightweight, forward-only proxy for ranking layer sensitivity.
Across models and tasks, layers with lower input—output similarity consistently
exhibit higher empirical Fisher scores. Building on this observation, we propose
Layer-Selective LoRA (LS-LoRA), which places trainable LoRA adapters only
in layers with low input—output similarity. Experiments on mathematical reason-
ing and code generation show that LS-LoRA improves average target-task perfor-
mance while retaining substantially more commonsense reasoning capability than
standard all-layer LoRA, demonstrating that carefully choosing where to adapt can
provide a simple and effective way to balance target-task adaptation and general
capability retention.

1 INTRODUCTION

Large language models (LLMs) acquire strong general capabilities through large-scale pretrain-
ing, enabling them to perform a wide range of downstream tasks (Brown et al., 2020; |[Bommasani
et al.| [2021). Despite the general capabilities, specialized applications such as mathematical reason-
ing (Xin et al.| [2024) and code generation (Luo et al., 2024) often require fine-tuning on domain-
specific data to meet the demands of target tasks. However, as LLMs continue to scale, full fine-
tuning, which updates all model parameters, incurs increasingly high computational and memory
costs (Hu et al., [2022).

Parameter-efficient fine-tuning (PEFT), particularly low-rank adaptation (LoRA), reduces these
costs by optimizing only a small number of parameters, which is widely adopted in LLM fine-
tuning (Houlsby et al., [2019; [L1 & Liang, 2021} [Lester et al.l 2021; Hu et al., |2022)). However,
improvements in target-task performance through PEFT may come at the expense of general ca-
pabilities acquired during pretraining, a phenomenon known as forgetting (Biderman et al.|, 2024)).
Therefore, effective adaptation requires improving target-task performance while retaining these
general capabilities (Huang et al., [2026).

Existing approaches mitigate capability degradation primarily through data replay and regulariza-
tion. Data replay mixes examples from general domains into downstream training to retain general
capabilities (Scialom et al.,[2022;|Béthune et al.,[2025). However, replay methods that rely on stored
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examples may be limited by data availability, particularly when the original pretraining corpus is in-
accessible (Marek et al., [2026). Regularization methods preserve prior knowledge by constraining
parameter changes (Kirkpatrick et al., [2017} [Li et al., |2018)). However, these constraints may limit
improvements in target-task performance (Zenke et al.| [2017). These methods mainly rely on the
data or constraints used during fine-tuning, leaving a different question underexplored: where should
adaptation be applied?

We find that the choice of layers to adapt matters for both
target-task performance and general capability retention.
Standard LoRA typically uses the same adaptation con-
figuration across Transformer layers, yet fine-tuning dif-
ferent layers can lead to different effects on adaptation
and retention, as shown in Fig.[T] Adapting some layers
contribute more to target-task performance, while adapt-
ing others lead to greater degradation of general capabil-
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ities. These observations motivate selecting which layers
to adapt.

The next question is how to identify which layers should
be adapted for a given target task. We use layer-wise em-
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fine-tuning a single layer. Left: target-
task performance. Right: general capa-

pirical Fisher scores to characterize target-task sensitivity, bility retention after fine-tuning.

and introduce input—output cosine similarity as an effi-
cient forward-only proxy for this sensitivity. Based on this proxy, we propose Layer-Selective LoORA
(LS-LoRA), which trains LoRA adapters only in layers with low input—output cosine similarity.

Our main contributions are as follows:

* We use layer-wise empirical Fisher scores to characterize differences in target-task sensi-
tivity across LLM layers, motivating a layer-selective adaptation strategy.

* We propose input—output cosine similarity as an efficient proxy for layer-wise sensitivity. It
requires only a single forward pass over target-task calibration inputs, without response la-
bels or backpropagation. Our analysis shows consistent negative rank correlations between
this proxy and empirical Fisher scores across models and tasks.

* We introduce LS-LoRA, which trains LoRA adapters only in layers with low input—output
cosine similarity. Experiments on mathematical reasoning and code generation show that
LS-LoRA improves average target-task performance while reducing degradation of the
evaluated general capabilities.

2 RELATED WORK

2.1 PARAMETER-EFFICIENT FINE-TUNING

PEFT adapts pretrained models through lightweight modules or restricted updates, including
adapters (Houlsby et al., 2019), prefix and prompt tuning (Li & Liang} 2021} [Lester et al.| |2021)),
and low-rank updates in LoRA (Hu et al.,|2022). AdaLoRA further allocates rank budgets according
to importance scores estimated during training (Zhang et al., 2023). Our work complements these
approaches by selecting which Transformer layers receive LoRA adapters before fine-tuning.

Parameter efficiency alone does not prevent capability degradation (Biderman et al., [2024)). Replay
methods retain knowledge using additional training examples (Scialom et al.| 2022)), while regular-
ization methods constrain parameter updates (Kirkpatrick et al., 2017} |Li et al., 2018]). In particular,
EWC uses Fisher information to protect parameters important for previous tasks (Kirkpatrick et al.,
2017). We instead use empirical Fisher scores to analyze target-task layer sensitivity and investigate
layer selection as a way to balance adaptation and capability retention.

2.2 LAYER-WISE ANALYSIS AND SELECTIVE ADAPTATION

Transformer layers differ in their representations and functional importance (Voita et al., 2019
Zhang et al., [2024). ShortGPT uses input—output similarity to identify redundant layers for prun-
ing (Men et al., 2025). For adaptation, layer-freezing studies examine predefined subsets (Hwang
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et all 2025), while LISA stochastically activates subsets during training (Pan et al| [2024).
Representation-based approaches also guide layer selection. [Liu et al.| (2025a)) use Centered Kernel
Alignment to identify intrinsic critical layers, and |(Ogawa et al.|(2026)) study similarity-based layer-
wise LoRA fine-tuning. Layer Card uses task-dependent residual, optimization, and cost diagnostics
to guide PEFT module placement (Xu et al.,|2026). Our contribution is to connect a forward-only
layer-selection criterion to target-task empirical Fisher sensitivity and evaluate its consequences for
both adaptation and capability retention. We use input—output cosine similarity to select a fixed set
of layers before fine-tuning, without response labels or backpropagation during selection.

3 METHOD

We first introduce Fisher information as a measure of parameter sensitivity, then use it to examine
differences across LLM layers. These differences motivate our layer-selection method, which uses
input—output cosine similarity to choose layers for fine-tuning with only forward computation.

3.1 PRELIMINARIES

Definition 1 (Fisher information (Fisher, [1922)). Let Z ~ py have a probability density or mass
function, with 6 in an open set © C R?. Assume that log pe(Z) is differentiable in 6 almost surely
and that its gradient has a finite second moment. The Fisher information, which quantifies the
information that Z carries about 6, is defined as

F(0) = Ezep, |Vologps(Z) (Vo log pg(Z))T} . 1

The following proposition relates Fisher information to the local sensitivity of the model distribution
to parameter changes. The proof is provided in Appendix

Proposition 1 (Fisher information and local distributional sensitivity). Let F'(0) be the Fisher infor-
mation in Definition[l| For fixed 0, assume that, for 0 + § in a neighborhood of 0, the distributions
Do+s have a common support independent of d, that peys(z) is twice continuously differentiable
in 6, and that Dx1,(pe||po+s) is finite and twice continuously differentiable in 5. Assume also that
derivatives with respect to § up to second order may be passed under the integrals (or sums) defining
normalization and this KL divergence. Then, as 6 — 0 with + § € ©,

1
D (po || po-s) = 56" F(0)3 + o([[9]13). 2)

Proposition [1] shows that, for small parameter perturbations ¢ of equal magnitude, higher Fisher
information F'(#) along the perturbation direction induces a larger shift in the model distribution, as
measured by KL divergence.

For large neural networks, exact computation of the Fisher information matrix is typically impracti-
cal. Evaluating the expectation over the model distribution can be expensive, and explicitly storing
the full matrix requires memory quadratic in the number of parameters (Martens, 2020). For our
layer-wise analysis, we compute only the diagonal entries of the empirical Fisher from observed

samples {z; }¥
610gp9 Zz 2 .
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These entries can be accumulated from squared gradients without forming the full matrix. They
provide a practical measure of the sensitivity of the observed-data log-likelihood to individual pa-
rameters.

3.2 FISHER-BASED LAYER SENSITIVITY IN LLM FINE-TUNING

As shown in Proposition[I} Fisher information quantifies how strongly small parameter perturbations
affect the model distribution. Motivated by this sensitivity interpretation, we use the empirical Fisher
to compare how sensitive the target-task log-likelihood is to parameter changes in different LLM
layers. We define a layer as one complete Transformer block, including its attention, feed-forward,
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Figure 2: Layer-wise empirical Fisher scores (top) and cosine similarities between layer input and
output representations (bottom) for (a) Llama-3.2-1B, (b) Llama-3.2-3B, and (c) Llama-3-8B on
mathematical reasoning and code generation.

normalization, and residual operations. Consider an LLM with L layers. Each layer [ maps its input
representation H“~1) to an output representation H():

HO = fi (BOD:00), 1=1,..,L @)

where f; denotes the transformation performed by layer I, parameterized by V). Here, H®) ¢
RT>dn contains the hidden representations of all tokens after layer I, where 7 is the sequence length
and dj, is the hidden dimension.

To measure layer sensitivity on a target task 7, we use a dataset S, = {(z;,v;)}~;, where z;
is an input and y; is its target response. The conditional log-likelihood log py(y; | ;) sums the
token log-probabilities in the response. We compute F;(6) using Eq. (3) with the conditional log-
likelihood log py(y; | x;) on S;. Averaging these entries over the parameters in layer [ gives the
scalar sensitivity score:

P £ T T NG £ a6 ’
Jed i=1jeT
where 7, is the set of parameter indices belonging to layer [ and d; = |J;] is its number of pa-
rameters. A larger I; indicates greater sensitivity of the target-response log-likelihood to changes in
that layer’s parameters. The score can be computed directly by averaging squared partial derivatives
without explicitly forming the matrix.

As shown in Fig. [2] empirical Fisher scores vary substantially across layers for both Llama-3.2-1B
and Llama-3.2-3B on mathematical reasoning and code generation. Scores are generally higher in
shallow layers, decrease toward deeper layers, and rise again in the final layers. These observations
motivate considering target-task layer sensitivity when selecting layers for adaptation.

3.3 LAYER SELECTION VIA INPUT-OUTPUT SIMILARITY

Although empirical Fisher scores characterize layer-wise sensitivity,
computing them requires backpropagation, which incurs substantial . o

memory and computation costs for LLMs. As shown in Fig. 3] the
Intuitively, a higher empirical Fisher score indicates that a layer is more /
8
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FLOPs required to compute Fisher scores increase rapidly with model
size.

sensitive to parameter changes on the target task. This sensitivity may i
be reflected in how the layer transforms its input representations. Lay-

ers with lower input—output cosine similarity change representation di-
rections more substantially, suggesting a more active role in processing
task-relevant information. Such layers may therefore exhibit greater task
sensitivity and higher empirical Fisher scores. Motivated by this intu-
ition, we use input—output cosine similarity as a proxy for layer-wise
sensitivity in fine-tuning. Computing this similarity requires only a sin-

gle forward pass, enabling efficient comparison across layers without backpropagation, as shown in

Fig.[3]
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Figure 3: FLOPs for
computing empirical
Fisher and cosine simi-
larity by model size.
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Given a calibration set of target-task inputs U/, = {xl}fvzfl, we run the pretrained model to obtain
each layer’s input and output representations. For input x;, let H i(l) denote the representation matrix

defined in Eq. |4} and let hglt) € R? denote the representations of the ¢-th token in H, i(l). We compute
the similarity score of layer [ as

)

1 < it
s=1 3 , (©)
-1 !
VI (i,t) eV ’ hg,t ) ) ’ hgt) '2 te
where V specifies the token positions used for scoring, and € > 0 ensures numerical stability.
By default, we use only the last non-padding token of each input, so that V = {(i, T;)} X<, where T}

denotes the final valid token position in z;. Thus, s; averages the last-token input—output similarity
across calibration inputs. This gives one score per layer without response labels or gradients.

The following theorem gives a theoretical motivation for this proxy under local parameter and aver-
age task-sensitivity conditions.

Theorem 1 (Cosine similarity and an empirical Fisher lower bound). Consider a differentiable
residual layer with nonzero parameters 0%Y) and nonzero selected input and output representations.
Assume that the task log-likelihood is sensitive to the full residual directions on average, and that a
bounded parameter direction approximately reproduces their effect on the task to first order. Then
the empirical Fisher score I; and input—output similarity s;, computed on the same examples with
€ = 0, satisfy

2(1 - m)QRZle

d,CE0V|3

Here d; is the number of layer parameters, m; > 0 is the minimum product of the selected input
and output norms, and k; > 0 lower-bounds the average directional task sensitivity. The parameter
direction vy satisfies ||v]|2 < C1||0W || with C; > 0, while m, € [0, 1) bounds its relative approxi-
mation error measured through the task gradients. Full definitions and the proof are in Appendix|B}

I, > Al(l — Sl), A = > 0. 7

Theorem|T]establishes that, for fixed A;, lower input—output similarity implies a higher lower bound
on the empirical Fisher score. Consistent with this intuition, Fig.[2qualitatively show that layers with
lower similarity tend to have higher empirical Fisher scores. To further quantify this relationship,
we compute Spearman’s rank correlation (Spearman, |1904) between layer-wise empirical Fisher
scores and input—output cosine similarities, treating each layer as one paired observation. Negative
correlations indicate that lower-similarity layers tend to have higher empirical Fisher scores. The
formal definition and computation are provided in Appendix [C|

Table 1: Spearman’s rank correlations between layer-wise input—output cosine similarity and empir-
ical Fisher scores for Llama-3.2-1B, Llama-3.2-3B, Llama-3-8B, and Mistral-7B on mathematical
reasoning and code generation. Values in parentheses are the corresponding p-values.

Task Llama-3.2-1B  Llama-3.2-3B Llama-3-8B Mistral-7B
Mathematical Reasoning -0.82 (1e-8) -0.84 (2e-9) -0.89 (6e-12)  -0.85 (7e-10)
Code Generation -0.76 (5e-7) -0.82 (8e-9) -0.86 (3e-10)  -0.91 (9e-13)

As shown in Table[I] we compute Spearman’s rank correlations between input—output cosine simi-
larity and empirical Fisher scores across layers for Llama-3.2-1B, Llama-3.2-3B, Llama-3-8B, and
Mistral-7B on mathematical reasoning and code generation. The correlations range from —0.76
to —0.91, indicating that layers with lower cosine similarity tend to have higher empirical Fisher
scores. We also compute the corresponding p-values, reported in parentheses in Table [T} All re-
ported p-values are below 107°, indicating statistically significant negative correlations across all
evaluated model-task pairs. Together, the strong negative correlations and their statistical signifi-
cance provide compelling statistical evidence that lower input—output similarity is associated with
higher empirical Fisher scores across the evaluated models and tasks. These results substantiate the
use of input—output similarity as a practical proxy for ranking layers by target-task sensitivity.

As illustrated in Fig. ] we select layer [ for fine-tuning if its input—output cosine similarity score
satisfies s; < vy, where 7 is a predefined threshold. We place trainable LoRA adapters only in the
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Figure 4: Overview of LS-LoRA. (a) The pretrained model without fine-tuning. (b) Standard LoRA
applies adapters to all layers. (c) LS-LoRA applies adapters only to layers whose input—output
cosine similarity scores fall below the threshold v (dashed line), aiming to improve target-task per-
formance while retaining pretrained capabilities. Orange denotes layers with trainable adapters, and
gray denotes layers without adaptation.

selected layers while keeping all pretrained weights frozen. The selected layers are fixed before
fine-tuning, and only their adapter parameters are trained using the target-task supervised loss. We
call this method Layer-Selective LoORA (LS-LoRA).

4 EXPERIMENTS

We first evaluate LS-LoRA on mathematical reasoning and code generation, using commonsense
reasoning benchmarks to assess capability retention. We then conduct ablation studies to assess key
design choices.

4.1 EXPERIMENTAL SETUP

Tasks and evaluation. For mathematical reasoning, we fine-tune models on MATH-10K (Hu
et al.} [2023) and evaluate accuracy on GSM8K, AQuA, and SVAMP. For code generation, we fine-
tune on Magicoder-Evol and evaluate on HumanEval+, reporting pass@k for k € {1,5,10}. To
assess retention of non-target capabilities, we evaluate commonsense reasoning accuracy on ARC-
Challenge (ARC-C), OpenBookQA (OB-QA), and Social IQA (SI-QA). These benchmarks provide
a focused assessment of commonsense reasoning rather than a comprehensive evaluation of general
capabilities. We report individual benchmark scores and their mean for mathematical reasoning and
commonsense reasoning; for code generation, we additionally report the mean of the three pass@#k
scores.

Baselines. We include the model before fine-tuning, denoted as Base, as a reference for both
target-task performance and general capability retention. We compare our method with standard
LoRA (Hu et al., [2022), which trains adapters in all Transformer layers, and two regularization-
based baselines for mitigating forgetting: L2-SP (Li et al., 2018) and EWC (Kirkpatrick et al.|
2017). Both regularization methods are combined with LoRA fine-tuning, yielding L2-SP-LoRA
and EWC-LoRA, respectively.

Models. We evaluate four models from two families: Llama-3.2-1B, Llama-3.2-3B, Llama-3-8B,
and Mistral-7B. Table [2] reports mathematical reasoning results for all four models, and Table [3]
reports their code generation results.
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Table 2: Mathematical reasoning performance and general capability retention after fine-tuning on
mathematical reasoning tasks. Avg. denotes the category mean; bold marks the best reported aver-
age among fine-tuned methods for each model. Higher is better.

Target-Task Performance (Math) General Capability Retention
Model Method
GSMS8K AQuA SVAMP Avg. ARC-C OB-QA SI-QA Avg.
Base 31.0 6.7 60.1 326 288 30.6 40.8 334
LoRA 49.5 38.2 67.6 51.8 22.8 24.6 299 258

Llama-32-1B  [2.SpLoRA 428 256 703 462 261 292 340 298
EWC-LoRA 503 366 686 519 228 274 323 275

LS-LoRA 50.3 37.8 68.4 522 300 322 331 318
Base 62.0 19.3 83.7 55.0 622 56.4 58.8  59.1
LoRA 69.6 47.6 80.3 65.8  44.1 524 349 438

Llama-3.2-3B 15 Sp.LoRA  70.1 39.0 865 652 522 57.6 477 525
EWC-LoRA  68.0 48.8 787 652 515 584 427 509

LS-LoRA 69.5 48.8 82.3 66.9 593 62.4 52.6  58.1
Base 59.6 49.6 53.8 54.3 33.1 25.6 374 320
LoRA 69.8 42.6 79.6 64.0 2538 31.8 185 254

Llama-3-8B [7.Sp1oRA  69.4 40.9 80.5 636  28.1 37.8 209 289
EWC-LoRA 685 425 76,5 625 288 31.8 26.7  29.1

LS-LoRA 70.4 453 78.6 64.8 339 37.2 334 348
Base 38.5 20.5 552 38.1 66.6 614 65.1 644
LoRA 59.8 32.7 73.8 554 346 39.0 375 370

Mistral-7B L2-SP-LoRA  58.5 33.5 729 550 426 40.6 412 415
EWC-LoRA 60.9 30.7 738 551 423 43.0 345 399
LS-LoRA 61.0 33.1 746 562 483 424 479 462

Layer selection and training. Before fine-tuning, we randomly sample 100 examples from the
target-task training set and use their inputs as the calibration set. A single forward pass over this
set yields the input and output representations of all Transformer layers. Following Section [3.3]
we compute each layer’s cosine similarity at the last non-padding input token and average it across
the calibration examples. We set the selection threshold to v = 0.85 for all experiments and train
LoRA adapters only in layers with s; < <. The selected layers remain fixed throughout fine-tuning,
and all pretrained weights remain frozen. This selection step requires neither response labels nor
backpropagation. Following |Liu et al.[|(2025b), we train all fine-tuning methods with AdamW for
three epochs, using a LoRA rank of 128 for mathematical reasoning and 64 for code generation.

4.2 MATHEMATICAL REASONING

Table [2| shows that LS-LoRA achieves the highest average mathematical and commonsense reason-
ing accuracy among the compared fine-tuning methods on all four models. Relative to all-layer
LoRA, it improves these averages by 0.4—1.1 and 6.0-14.3 percentage points, respectively, im-
proving both target-task performance and capability retention. The largest retention gain occurs
on Llama-3.2-3B: LS-LoRA narrows the commonsense accuracy drop from 15.3 to 1.0 percentage
points relative to Base, while improving mathematical accuracy from 65.8% to 66.9% over LoRA.
It also exceeds L2-SP-LoRA and EWC-LoRA in commonsense accuracy by 5.6 and 7.2 points, re-
spectively, with higher mathematical accuracy than both. These results support layer selection as an
effective way to balance adaptation and retention without an additional regularization loss.

4.3 CODE GENERATION

Table [3| shows that LS-LoRA achieves both the highest mean of the reported pass@k scores and
the highest average commonsense accuracy among the compared fine-tuning methods on all four
models. Specifically, it outperforms all compared baselines at each reported pass@k on Llama-
3.2-1B and Mistral-7B. Compared with all-layer LoRA, LS-LoRA improves average commonsense
accuracy by 1.2-6.2 percentage points. On Llama-3.2-3B and Llama-3-8B, its commonsense ac-
curacy exceeds Base, indicating positive transfer on the evaluated benchmarks rather than reduced
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Table 3: Code generation performance and general capability retention after fine-tuning on code
generation tasks. Avg. denotes the mean of the three reported metrics in each category; bold marks
the best average among fine-tuned methods for each model. Higher is better.

Target-Task Performance (Code) General Capability Retention
Model Method
Pass@1 Pass@5 Pass@10 Avg. ARC-C OB-QA SI-QA Avg.
Base 33.0 433 472 412 288 30.6 40.8 334
LoRA 35.6 44.7 47.8 427 26.1 28.6 39.1 313

Llama-32-1B [ Sp1oRA 329 427 457 404 264 304 399 322
EWC-LoRA 343 428 466 413 265 310 392 322

LS-LoRA 35.8 45.6 49.2 435 269 30.6 399 325
Base 50.6 60.8 62.1 57.8 622 56.4 58.8  59.1
LoRA 51.5 61.1 63.9 58.8 685 62.2 633 647

Llama-3.2-3B 15 gpoRA  49.2 62.5 664 594 665 606 621 63.1
EWC-LoRA  51.6 61.0 640 589 685 626  63.1 647

LS-LoRA 52.6 62.1 64.3 59.6 689 65.2 65.7  66.6
Base 55.1 63.1 65.2 61.1 33.1 25.6 374 320
LoRA 534 64.9 68.5 623 689 532 629 61.7

Llama-3-8B  17.SpJoRA 524 63.0 66.0 605 656 59.0 637 628
EWC-LoRA  54.1 63.5 678 618 659 628 591 626

LS-LoRA 53.2 65.2 68.8 624 726 63.8 657 674

Base 34.51 443 487 425  66.6 614 651 644

. LoRA 38.5 495 532 470 41.1 314 411 379
Mistral-7B L2-SP-LoRA 382 472 50.6 454 425 35.1 432 403
EWC-LoRA 385 482 51.8 462  45.1 31.0 443 40.1

LS-LoRA 403 51.1 545  48.6 489 392 441 441

forgetting. On Llama-3.2-1B and Mistral-7B, it reduces the accuracy drop relative to LoRA but
remains below Base. Overall, LS-LoRA combines competitive code generation performance with
consistently higher average commonsense accuracy.

4.4 ABLATION AND EFFICIENCY ANALYSIS

Similarity-based versus random layer selection. Rand-LoRA randomly selects the same number
of layers as LS-LoRA, allowing us to assess the value of the selection criterion beyond simply
reducing the number of adapted layers. On Llama-3.2-1B (Table [), LS-LoRA achieves 52.2%
average math accuracy and 31.8% average commonsense accuracy, compared with 51.4% and 27.1%
for Rand-LoRA. Random selection improves retention over all-layer LoRA, but similarity-based
selection yields better averages in both categories. This advantage holds across all four evaluated
models, with results for the other three reported in Appendix [D]

Table 4: Layer selection on Llama-3.2-1B for mathematical reasoning. Rand-LoRA selects the same
number of layers as LS-LoRA at random. Bold marks the best fine-tuned average; higher is better.

Target-Task Performance (Math) General Capability Retention
Model Method
GSM8K AQuA SVAMP Avg. ARC-C OB-QA SI-QA Avg.
Base 31.0 6.7 60.1 326 2838 30.6 40.8 334
Llama-3.2-1B LoRA 49.5 38.2 67.6 51.8 228 24.6 299 258
Rand-LoRA 50.8 36.6 66.8 514 253 28.0 28.1  27.1
LS-LoRA 50.3 37.8 68.4 522 30.0 322 331 318

Memory and training time. Table[5]compares LoRA and LS-LoRA on MATH-10K. Across the
four models, LS-LoRA reduces peak GPU memory by 4.2-14.4% and training time by 10.0-29.6%.
For Llama-3.2-3B, memory decreases from 13.1 to 11.8 GB and training time from 1.7 to 1.2 hours,
demonstrating practical savings from restricting adaptation to selected layers.
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Table 5: Comparison of peak GPU memory usage and training time between LoRA and LS-LoRA
on the MATH-10K dataset across four language models. Lower is better.

Llama-3.2-1B Llama-3.2-3B Llama-3-8B Mistral-7B
LoRA LS-LoRA LoRA LS-LoRA LoRA LS-LoRA LoRA LS-LoRA

GPU Memory (GB) 7.2 6.9 13.1 11.8 24.8 22.5 21.5 18.4
Training Time (h) 1.0 0.9 1.7 1.2 2.1 1.8 2.7 1.9

Metric

Last-token versus token-averaged similarity. Table [6| compares layer-wise cosine similarities
computed using the last token with those averaged over all tokens. Spearman correlations of 0.92—
0.93 across the three Llama models indicate strong agreement in layer rankings. We therefore use
the last non-padding token as a simple approximation to token averaging.

Calibration sample size. On MATH-10K with Llama-3.2-3B, we compare similarity scores com-
puted from 1, 10, and 100 samples against a 1,000-sample reference (Table[7). The corresponding
Spearman correlations are 0.938, 0.990, and 0.999, indicating stable layer rankings even with small
calibration sets. Computing similarity scores with 100 samples remains inexpensive, taking only
2.8 seconds on Llama-3.2-3B. We therefore use 100 calibration samples in our experiments to ob-
tain stable layer rankings at low computational cost.

Table 6: Spearman correlation between token-  Table 7: Spearman correlation between cosine
averaged and last-token cosine similarities similarities estimated using 1, 10, or 100 sam-
across Llama models of different sizes. ples and those estimated using 1,000 samples.
Model size 1B 3B 8B Number of samples 1 10 100
p 092 092 093 P 0.938 0.990 0.999

Applicability to other PEFT methods. We apply the same layer-selection strategy to DoRA (Liu
et al., 2024) and PiSSA (Meng et al., [2024) on Llama-3.2-3B, with detailed results in Appendix
(Table [9). LS-DoRA improves average math accuracy from 66.0% to 67.0% and commonsense
accuracy from 37.9% to 58.9%. LS-PiSSA improves these averages from 66.2% to 67.6% and
from 59.0% to 64.7%, respectively. These results suggest that the benefits of layer selection extend
beyond LoRA.

5 CONCLUSION

We investigated where to apply adaptation to balance target-task learning and capability retention
in LLMs. Our analysis identifies a consistent negative association between layer-wise input—output
cosine similarity and empirical Fisher sensitivity, motivating a forward-only criterion for layer se-
lection. Based on this criterion, LS-LoRA places adapters in selected layers before fine-tuning,
without requiring response labels or backpropagation during selection. Across four evaluated mod-
els on mathematical reasoning and code generation, LS-LoRA achieves higher average target-task
and commonsense reasoning scores than all-layer LoRA, while reducing memory usage and training
time in the mathematical reasoning experiments. Comparisons with random layer selection support
the value of the selection criterion, and results with DoRA and PiSSA suggest its applicability be-
yond LoRA. These findings highlight adaptation location as a practical design choice for efficient
fine-tuning and capability retention.

Al USE STATEMENT

We used generative Al tools to polish the language of the manuscript, including improving grammar,
clarity, and readability. We did not use generative Al tools for any other research or writing tasks.
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technical content. We take full responsibility for the final content of this work.
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A PROOF OF THE LOCAL DISTRIBUTIONAL SENSITIVITY PROPOSITION

Proof of Proposition[l] Write g(0) = Dkuw(ps||pe+s). Differentiating the normalization identity
once and twice gives

Vg(0) = —Ezp, [Vologpe(Z)] =0, V2g(0) = —~Eznp, [V3logpe(Z)] = F(6).

Since ¢(0) = 0, the result follows from the second-order Taylor expansion. O

B COSINE SIMILARITY AND AN EMPIRICAL FISHER LOWER BOUND

We give the conditions and proof for Theorem [I| Both scores use the same target-task examples
S; = {(z4,y:)}Y,, with N. = N and V = {(i,T;)}Y,. For the analysis, set e = 0 in Eq.@

Full-sequence representations. Let ¢; = logpy(y; | x;). In this appendix, Hi(l_l) and HZ.(Z)
denote the layer representations at all positions used to compute this full-response log-likelihood
under teacher forcing. The index 7; still denotes the final valid input position, not the end of the
response. For a deterministic causal model with the same positions and mask, the representation at
T; agrees with that from the input-only forward pass used to compute s;. Define the full residual, its
Jacobian, and the output gradient by

A — vee(H® — 1Y)

0) ¥
o _ 04 o _ ,
Ji = 789(” y 9, = vvcc(Hfl))fl'

Assume differentiability, #1) # 0, that the layer input is independent of #(*), and that all dependence

of ¢; on these parameters passes through the full output Hi(l). This allows dependence on every

output token, as in a standard feed-forward Transformer with parameters not shared across layers.
The chain rule then gives V) ¢; = (Ji(l))ngl).

Nonzero selected representations. Assume that the selected input and output vectors are nonzero
and set

my = min_[|h{"= V|2l |12 > 0. 9)

1<i<N

Their norms may differ both within and across examples.

12
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Average directional task sensitivity. Assume that there exists x; > 0 such that

ZI g, AP > KQZIIA” I2. (10)
1=1

This condition requires task sensitivity along the residuals on average. Individual examples may
have zero directional sensitivity; no positive lower bound is required for each example separately.

Approximate local parameter direction. Assume that there exist a common direction v; € R%,
C; > 0,and 0 < n; < 1 such that

lullz < Cl0P2, eV = TP — AW, (11

and
1/2

(Zlgz,z >1/2 (Zlgz LA ) . (12)

The direction need only reproduce the residual approximately in its effect on the task. Errors or-
thogonal to the output gradients are unrestricted. Exact reproduction, Ji(l)ful = AZ(.Z)

case with g, = 0.

, 1s a special

For example, a residual sublayer of the form 7 (H; W, ¢) = as(H)W T satisfies the exact local con-
dition with v; = (vec(W),0) and C; = 1, when §() = (vec(W), ¢). The map a s may be nonlinear.
This example establishes only the local condition, not the average task-sensitivity condition.

Proof of Theorem[l] Write u; = hz(.fil), w; = h%ﬂ, and ¢; = (u;, w;)/(||ul|2||wil|2). Since the
full residual contains the selected token residual,
l
IALE > flw; — i3
= (lwillz = [Juill2)? + 2llwill2[wsll2(1 = ¢;) (13)
>2my(1 — ¢;).

Averaging gives N1 ), HAE”H% >2my(1 — s;).

For the parameter gradient, the chain rule gives

(o, Vo bi) = (g7, AWy 1 (g ey,

?

Apply the reverse triangle inequality to the vectors of these scalar quantities over the [V examples,
then use Egs. [I2]and[T0}

1/2 1/2
(Zm,vgm&ﬂ) > (1—m) <Z|gz LA )

1/2 14)
¢
(1= m)x (Z A >|2> .
On the other hand, Cauchy—Schwarz implies
S o, Voo )2 < C2I6DIE S Vg0 a3
Combining these inequalities and dividing by Nd; yields
2,2
—m)? )2 —m) KMy
I > A; —— (1 — ).
> Nachr D16 > 2o - )
O
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Table 8: Comparison of layer selection strategies for LoRA fine-tuning on mathematical reasoning
tasks. LoRA adapts all layers; LS-LoRA selects layers with low input—output cosine similarity;
Rand-LoRA randomly selects the same number of layers as LS-LoRA. Bold marks the best average
among fine-tuned methods for each model. Higher is better.

Target-Task Performance (Math) General Capability Retention
Model Method
GSM8K AQuA SVAMP Avg. ARC-C OB-QA SI-QA Avg.
Base 62.0 19.3 83.7 55.0 62.2 56.4 58.8  59.1
Llama-3.2-3B LoRA 69.6 47.6 80.3 65.8 44.1 52.4 349 438
Rand-LoRA 69.6 46.1 80.2 65.3 57.3 59.0 53.8  56.7
LS-LoRA 69.5 48.8 82.3 66.9 59.3 62.4 52.6  58.1
Base 59.6 49.6 53.8 54.3 33.1 25.6 374 320
Llama-3-8B LoRA 69.8 42.6 79.6 64.0 25.8 31.8 185 254
Rand-LoRA 70.1 44.5 78.4 64.3 29.0 32.0 26.2  29.1
LS-LoRA 70.4 453 78.6 64.8 33.9 37.2 334 348
Base 38.5 20.5 55.2 38.1 66.6 61.4 65.1 644
Mistral-7B LoRA 59.8 32.7 73.8 55.4 34.6 39.0 37.5 370
Rand-LoRA 61.7 31.5 74.0 55.7 413 39.0 352 385
LS-LoRA 61.0 33.1 74.6 56.2 483 42.4 479  46.2

Table 9: Applying our layer selection strategy to DoRA and PiSSA on Llama-3.2-3B for mathe-
matical reasoning. LS-DoRA and LS-PiSSA apply the respective adapters only to layers with low
input—output cosine similarity. We report accuracy (%) on mathematical reasoning and common-
sense reasoning benchmarks, with the latter assessing general capability retention. Avg. denotes the
mean within each category; bold marks the better average within each method pair. Higher is better.

Method Target-Task Performance (Math) General Capability Retention
etho

GSM8K AQuA SVAMP Avg. ARC-C OB-QA SI-QA Avg.
DoRA 68.1 48.8 81.2 66.0 36.4 43.8 334 379
LS-DoRA 69.5 49.2 82.2 67.0 60.3 62.8 53.7 58.9
PiSSA 70.6 48.0 79.9 66.2 59.2 61.8 55.9 59.0
LS-PiSSA 71.3 50.0 81.4 67.6 68.6 66.0 59.5 64.7

C SPEARMAN’S RANK CORRELATION

Definition 2 (Spearman’s rank correlation). Let a = (a1,...,a,) and b = (by,...,b,) be two
nonconstant vectors of paired observations, with n > 2. Let r; and ¢; be the ascending ranks
of a; and b; within their respective vectors, assigning average ranks to ties. Their Spearman rank
correlation p is the Pearson correlation of these ranks:

2 i (ri =) (g — @)
Vi = PP/ (4~ 9

where * and ¢ are the mean ranks and —1 < p < 1.

p(a,b) = Corr(r,q) = (15)

When Spearman’s rank correlation p is close to 1, the two variables tend to increase together. When
p is close to —1, one tends to decrease as the other increases.

For each model and task 7, we apply Definition [2| to the empirical Fisher scores I = (I1,...,I1)
and input—output cosine similarities s = (s, ..., sy,), treating each layer as one paired observation:

pr = Corr (rank(I), rank(s)) . (16)

where rank uses the ranking convention in Definition
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D ADDITIONAL RANDOM LAYER SELECTION RESULTS

Table [§] extends the comparison in Table 4| to Llama-3.2-3B, Llama-3-8B, and Mistral-7B. Rand-
LoRA selects the same number of layers as LS-LoRA at random. Across all three models, LS-
LoRA achieves higher average mathematical reasoning and commonsense reasoning accuracy than
Rand-LoRA, supporting the value of similarity-based selection beyond simply reducing the number
of adapted layers.

E APPLICABILITY TO OTHER PEFT METHODS

Table O] reports results for DoRA and PiSSA and their layer-selective variants on Llama-3.2-3B.
Applying our input—output similarity criterion improves average accuracy on both mathematical
reasoning and commonsense reasoning benchmarks for both methods.
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